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COMPATIBILITY  OF  LIQUID  AND  VAPOR  ALKALI  METALS 
WITH  CONSTRUCTION  MATERIALS 

J,  H,  Stang,  E.  M.  Simons,  J,  A.  DeMastry,  and  J,  M.  Genco* 


1.  INTRODUCTION 


For  the  past  decade,  the  amount  of  research 
and  the  volume  of  literature  on  alkali  metals  as 
heat-transfer  media  and  working  fluids  have  been 
increasing  exponentially.  Prominent  among  the 
liquid-metals  research  efforts  are  studies  directed 
toward  finding  the  best  containment  material  for  a 
given  alkali  metal  under  a  given  set  of  operating 
conditions. 

As  early  as  1950,  Argunne  published  a  re¬ 
port  on  the  "Resistance  of  Materials  to  Attack  by 
Liquid  Metals",  which  covered  174  references  on  17 
liquid  metals  from  aluminum  to  zinc.  (M  A  slightly 
modified  version  of  this  report  was  published  soon 
thereafter,  as  the  corrosion  chapter  of  the  first 
edition  of  a  Liquid  Metals  Handbook.  As  is  the  case 
today,  the  compatibility  data  available  for  sodium 
and  NaK  systems  were  far  more  extensive  than 
those  for  any  other  liquid  metal.  In  fact,  in  1951, 
Epstein  and  Weber  presented  a  very  thorough  treat¬ 
ment  (151  references)  on  the  use  of  molten  sodium 
as  a  heat-transfer  fluid. 

Since  that  time,  there  has  been  an  accelerat¬ 
ing  interest  in  alkali  metals  as: 

•  Coolants  for  fast-breeder  nuclear  reac¬ 
tors 

•  Coolants  in  space  power  plants 

•  Ranktne- cycle  working  fluids  in  high- 
temperature  nuclear  reactors 

•  Propellants  in  ion- propuls  ion  engines 


While  research  on  sodium  and  NaK  has  con¬ 
tinued  unabated,  these  broadened  applications  have 
been  involving  other  alkali  metals  (potassium, 
lithium,  and  cesium)  on  an  increasing  scale. 

Many  of  the  compatibility  results  have,  until  re¬ 
cently,  been  classified.  They  are  presented  in  a 
diverse  assortment  of  project  reports,  meeting 
papers,  periodical  publications,  theBeB,  and  state- 
of-the-art  reviews. 

This  compilation  attempts  to  present  the 
highlights  of  what  has  been  ascertained  about  the 
interactions  of  liquid  and  vapor  sodium,  NaK, 
potassium,  lithium,  and  cesium  with  solid  mater¬ 
ials  of  potential  use  In  practical  liquid-metal 
systems,  This  is  an  extremely  complex  subject 
when  one  considers  the  multitude  of  variables 
possible,  and  there  is  still  much  that  is  unknown. 
Data  for  Inclusion  were  selected  by  the  authors 
on  the  basis  of  their  practical  utility  to  designers 
and  research  workers.  No  attempt  was  made  to 
include  the  entire  body  of  information  available. 

In  many  cases,  data  from  a  variety  of 
sources  were  combined  to  illustrate  a  conclusion. 
Where  data  were  conflicting,  the  authors  attempted 
to  explain  the  differences  or  to  eliminate  those 
which  were  questionable.  In  a  few  instances, 
it  was  necessary  to  present  the  contradictory 
findings  and  point  out  that  no  plausible  explana-' 
tions  had  been  found. 


•  Seeding  materials  in  magnetohydro¬ 
dynamic  generators 

•  Space-charge  dissipating  media  in 
thermionic  generators 

•  High-temperature  hydraulic  fluids. 


♦Associate  Chief,  Fellow,  Associate  Chief,  and  Senior  Technician,  respectively, 
Experimental  Physics  and  Environmental  Engineering  Divisions, 

Battelle  Memorial  Institute,  Columbus,  Ohio, 
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2.  SODIUM  AND  NaK 

2.  1  AUSTENITIC  STAINLESS  STEELS 
2.  1,  I  Compatibility  -  General 

Corrosion  attack  of  austenitic  stainless 
steels  by  sodium  (or  NaK)  can  take  the  forms  of: 

(1)  Surface  reactions  which  produce  hot-to- 
cold  zone  transfer  of  corrosion  products 
in  a  nonisothermal  flow  system 

(2)  Matrix  attack,  usually  distinguished  by 
grain* boundary  deterioration 

(3)  Pickup  of  carbon,  nitrogen,  or  hydrogen 
from  the  environment  or  through  migra¬ 
tion  from  hot-to-cold  tones. 

Investigation  of  these  processes  with  temperature, 
time,  flow  velocity ,  contamination  level,  etc.  ,  as 
variables  has  been  intensive  for  nearly  20  years, 
and  the  amount  of  diverse  information  generated  1b 
staggering.  Experience  ranging  from  laboratory 
experiments  to  the  operation  of  large  nuclear  plants 
has  led  to  the  conclusion  that  the  common  austen¬ 
itic  steels  (specifically.  Types  304,  316,  and  347), 
can  be  utilized  up  to  1000  F  in  Bodium  flow  systems 
with  virtually  unlimited  life,  provided  the  oxygen 
and  the  carburizing  potential  of  the  fluid  are  main¬ 
tained  at  low  levels.  However,  departures  from 
these  conditions,  involving  higher  temperatures 
or  inc reused  contamination  levels,  often  produce 
compatibility- oriented  questions  which  still  cannot 
be  answered  without  qualification. 

Static-test  data,  which  demonstrate 
austenitic  steel- sodium  compatibility ,  are  many 
and  varied:  typical  results  are: 

Negligible  weight  change  [  <  -0.  1  mg/(cm2) 
(month)]  at  932  F 

Slight  weight  change  [~+0.  1  mg/(cm^) 
(month)]  at  1 100  F 

Substantial  weight  change  [~  +40  mg /(err/) 
(month)]  at  1832  F. 

More  definitive,  however,  are  data  from 
polythermal-loop  experiments,  Tables  2.  1  and  2,2 
describe  several  of  these  operated  over  a  broad 
temperature  range.  The  results  show: 

(1)  Little  or  no  low-temperature  attack. 

(2)  Enough  corrosion  in  relatively  short 
exposures  at  1500  F  and  above  to 
challenge  the  feasibility  of  long-time 
operation. 


GOIIUJM  AMD  NaK  A  HUT  s'  Nit  IP.  STAINLESS 

STEELS 


(3)  A  dearth  of  pumping-loop  information  in 
the  1300  to  1400  F  range.  Thermal- 
convention-loop  results  show  very  little 
attack,  but  the  effects  of  flow  velocity, 
known  to  be  important  as  outlined  below, 
cannot  be  ascertained. 

(4)  Moderate  attack  in  theilOOQ  to  1200  F 
range,  which,  at  least  in, recent  years, 
haB  received  major  emphasis. 

Considerable  attention  has  been  given  to  de¬ 
fining  the  mechanisms  associated  with  austenitic 
steel- sodium  compatibility,  Among  the  well- 
established  facts  is  that  the  amount  of  corrosion 
and  mass  transfer  is  strongly  dependent  on  the 
level  of  oxygen  impurity  in  the  sodium.  The  tabu¬ 
lation  below  illustrates  this,  as  well  as  the  typical 
nonuniform  leaching  of  constituents  by  sodium  from 
hot  stainless- steel  surfaces.  In  this  study,  radio- 
tracer  techniques  were  used  to  measure  the  re¬ 
moval  rates  of  individual  constituents  from  Type 
347  stainless  steel  In  a  flowing,  isothermal  sodium 
loop  at  925  F.(3) 

Ratio  of  Rate  of  Leaching 
by  Na  Containing  100  PPM 
to  Rate  of  Leaching  by 

Element  Na  Containing  30  PPM  O, 

Iron  17 

Cohalt  54 

Tantalum  5 

Manganese  4 

The  exact  role  of  oxygen  has  not  been  de¬ 
termined,  but  it  may  accelerate  dissolution  and/or 
participate  directly  in  a  corrosion  reaction  in¬ 
volving  compounds  of  the  form,  NaxM  Oa,  where 
M  is  a  structural- metal  constituent.  It  is  generally 
accepted  that  mass  transfer  of  iron  is  dominated 
by  reaction  rather  than  dissolution,  with  a  hot-zone 
reaction  as  follows: 

Fe  +  3Na20  - •»  2Na  +  (Na20)2'Fe0. 

In  cold  zones,  the  reverse  reaction  occurs,  libera¬ 
ting  free  iron  which  crystallizes  out.  This  particu¬ 
lar  sodium-iron  complex  was  Isolated  and  identified 
several  years  ago/*®* 

In  the  case  of  constituents  other  than  iron, 
dissolution  may  be  more  important  than  chemical 
reactions.  This  conjecture  stems  from  meager 
and  controversial  solubility  data  which  suggest  that 
the  order  of  solubility  in  sodium  is  chromium> 
nickel>iron. 

From  many  "corrosion-mechanism" 
studies,  the  rate  of  diffusion  of  reaction  products 
through  the  boundary  layer  at  the  hot  surface  has 
emerged  as  the  most  likely  controlling  step  in  the 
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FIGURE  2.  1.  SOLUBILITY  OF  OXYGEN  IN 
SODIUM^7) 
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corroilon  process  in  ordinary  flow-loop  situations. 
This  is  based  on  such  observations  as  the  direct 
influence  of  fluid-flow  velocity  on  corrosion  rates. 
Velocity  affects  boundary-layer  turbulence  and 
thickness,  which  in  turn  influence  the  ability  of 
reaction  products  to  diffuse  into  the  main  stream. 

Transfer  of  interstitial  elements  to  and  from 
sodium-exposed  austenitic  steels  has  been  observed 
under  many  conditions.  Carbon  migration  has  re¬ 
ceived  the  most  attention,  primarily  because  of  the 
interest  in  using  austenitic  and  ferritic  steels  in 
the  same  sodium  heat-transfer  system.  The  former 
provides  needed  strength  for  high-temperature 
(~  1200  F)  piping  and  components,  while  the  latter 
offers  economy  and  other  desirable  traits  for  low- 
temperature  (~900  F)  sections.  However,  ferrltic- 
to-austenitic  migration  of  carbon  can  occur,  with 
consequent  decrease  in  strength  of  the  carbon- 
depleted  material,  and  embriulement  of  the  carbon- 
enriched  one.  The  mechanisms  relating  to  this 
migration  are  understood  only  in  a  qualitative  way, 
Weeks^)  observed  that  the  safest  way  to  minimize 
problems  from  dissimilar-metal  interaction  is  to 
avoid  mixing  structural  alloys  in  a  liquid-metal 
system  unless  the  major  metallic  constituents  of 
nil  alloys  are  known  to  be  essentially  insoluble  and 
the  activities  of  all  possible  nonmetal  transferring 
species  (O,  N,  C,  H)  arc  equalized  in  all  alloys  by 
gettering. 


2.1.2  Solubility  Information 

In  a  nonisothermal  liquid-metal  system, 
material  which  is  dissolved  from  hot-zone  surfaces 
and  transported  in  flowing  fluid  to  colder  zones  can, 
owing  to  differential  solubility  with  temperature, 
precipitate  and  deposit  in  solid  form  on  the  cooler 
surfaces.  The  mass  transfer  of  constituents  of 
stainless  steels  as  well  as  those  of  nickel-  and 
cobalt-base  alloys)  by  sodium  or  NaK  has  long  been 
thought  to  depend  to  eome  degree  on  solution 
phenomena.  Consequently,  assorted  studies  have 
been  carried  out  in  attempts  to  measure,  with  some 
degree  of  confidence,  the  solubility  in  sodium  of 
the  elements  which  combine  to  make  up  these  alloys. 
For  reasons  which  are  often  obscure,  data  which 
should  be  directly  comparable  are  in  considerable 
disagreement.  Undoubtedly,  the  extreme  difficultiee 
involved  in  the  measurement  techniques  are  partially 
responsible. 

Table  2.  3  shows  some  experimental  values 
of  solubility  for  iron  in  sodium,  and  one  value  in 
NaK.  It  is  immediately  apparent  that  the  1956  data 
of  Baus  are  three  orders  of  magnitude  lower  than 
those  of  the  other  investigators.  In  spite  of  sub¬ 
stantial  effortB  to  resolve  this  discrepancy,  the 
exact  cause  remains  a  mystery.  As  can  be  seen  in 
Table  2.4,  the  same  situation  exists  for  the  solu¬ 


bility  of  nickel  in  sodium.  Values  for  cobalt, 
tantalum,  and  columbium  arc  listed  in  Table  2.  5. 


2,1.3  Detailed  Loop-Teat  Data 

2.  1.  3,  i  Type  316  Stainless  Steel;  Inserts  in  and 
Hot  Legs  (1100  and  1200  F)  of  Pump  Loops,  With 
Type  316  or  2- l/4Cr- IMo  or  5Cr- 1 /2Mo- 1 /2Ti 
Alloys  as  the  Cold  Legs^i^i^TT 

Loss  of  Metal  by  Corrosion.  Data  obtained 
from  inaertB  removed  periodically  from  experi¬ 
mental  loops  operated  up  to  30,000  hours  provide 
the  basis  for  the  following  empirical  steady- state 
equation: 


100  Rb  y0-6S4Ql.  156exp  ^12  845  - 


23,827 

T+460 


0.  00676 


JL  2.  26\  , 

Di  t  + 1/ 


R  s  removal  of  hot-zone  metal,  mg/(cmz) 
(month) 

V  =  velocity,  fps 

O  =  oxygen  level,  ppm 

T  =  temperature,  F 

L/Di  s  distance  ratio  downstream  from  hot  leg 
t  =  exposure  time,  months. 

Note: 

(1)  The  absence  of  a  term  referring  to  the 
hot-to-cold  zone  temperature  differential, 
since  a  variation  from  250  to  500  F  did 
not  produce  significant  changes  in  metal- 
removal  rates. 

(2)  An  effect  of  exposure  time  which  initially 
is  strong,  but  ultimately  is  weak. 

(3)  An  L/Di  effect  which  describes  gradually 
diminishing  insert  weight  loss  with  dis¬ 
tance,  in  isothermal  sections  downstream 
from  the  hot  zone.  This  observation  has 
given  considerable  credence  to  the  con¬ 
cept  of  diffusion-controlled  corrosion. 

If  diffusion  of  reaction  products  from  the 
boundary  layer  must  build  up  with  L/Di, 
the  diminishing  surface-to-boundary  layer 
concentration  gradient  must  produce  a 
corresponding  decrease  in  the  rate  of 
formation  of  these  products  at  the  reacting 
surface. 


*  Conditions  listed  in  Table  2.  1. 
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TABLE  l.  3.  SOLUBILITY  OF  IRON  IN  SODIUM 


Temperature , 
F 

Bau* , 

In  Na 

TTCTW - 

In  Na  Saturated 
With  Na?.0 

Rodgera 

.i.itmibi 

Eu.t.ln(22)(c) 

445 

0.  0024 

m 

6 

6 

510 

- 

0.0016 

- 

. 

580 

0.  0037 

- 

8 

a 

650 

- 

0,0010 

- 

. 

715 

- 

0.0017 

- 

~ 

760 

0.  0050 

- 

10 

10 

8  35 

- 

0.0025 

- 

- 

970 

0.  0091 

- 

• 

. 

980 

- 

0.  0041 

- 

- 

990 

m 

_ 

12 

12 

1290(d> 

- 

- 

- 

(it)  By  radiotracer  technique. 

(b)  By  chemical  analyaia  of  equilibrated  samples,  Soon.  (400-1000  F)  * 

0,  5  +  0.0122  T  *F),  HP 

(c)  By  chemical  anal  sis  of  equilibrated  samples,  S__m  (450-900  F)  ■ 

1.47  +  0.  02  T  (C),  pp 

(d)  Single  value  by  Drugos  et  al(2J)  *15*3  ppm  in  NaK-78. 


TABLE  2.4.  SOLUBILITY  OF  NICKEL  IN  SODIUM 


Temperature, 

r 


Solubility,  ppm 


392 

O.OOS(50)(<0 

m 

572 

0.  006(40) 

10 

662 

0.  006(30) 

12 

752 

0.  004(50) 

14 

932 

0.009(20) 

17 

1112 

0,012(30) 

• 

1112 

0.  038(430) 

• 

1112 

0,  014(770) 

- 

1112 

0,022(1'!  30) 

“ 

(a)  By  radiotracer  teahnlque. 

(b)  By  chemical  analyeis  of  equilibrated  sample! ,  Sepm  (400-1000  F)  * 

■1.  3  +  0. 0199  T  (F). 

(c)  Number  in  parantheeie  following  eolubLUty  value  le  ppm  of  oxygen 

in  the  sodium. 


For  illustrative  purposes,  a  set  of  values 
lor  V  *  10  fps,  0  s  50  ppm,  and  L/Di  =  0  (situation 
for  maximum  weight  loss!  is  given  below. 


Weight  Losb, 

ma/(cm2)(month) 

Equivalent  Removal 
of  Metal  From  Ex¬ 
posed  Surface, 
mils  /yr 

If 

1- Month 
Exposure 

12-Month 

Exposure 

1-Month  12-Month 
Exposure  Exposure 

1000 

0.7 

0.  3 

0.4 

0.  2 

1100 

1.7 

0.  7 

1.0 

0.4 

1200 

4.2 

1.9 

2.  5 

1.5 

1300 

11.0 

5.  2 

7.0 

4.  5 

Intergranular  Penetration.  The  inserts  did 
not  show  Intergranular  penetration.  (2?)  However, 
this  type  of  attack,  to  about  1.7  mils/yr  (specif¬ 
ically,  about  7  mils  after  nearly  30,000  hours), 
was  observed  in  approximately  isothermal  sec¬ 
tions  of  Type  3.1 6  stainless  steel  and  occurred  be¬ 
tween  heat-input  and  heat-extraction  zones.  The 
following  discussion  is  provided. 

"The  results  of  electron  microscope  fracto- 
graphic  examination  show: 

(1)  The  stainless  steel  piping  was  heavily 
sensitized  in  the  cross-over  region. 
Chromium  carbides  precipitated  in  all 
the  grain  boundaries. 

(2)  There  is  no  attack  of  the  grain-boundary 
precipitates  themselves, 

(3)  Chemical  attack  by  solution  of  metal  at 
the  interface  with  the  grain- boundary 
precipitate. 


TABLE  2.5.  SOLUBILITY  OF  COBALT,  TANTALUM,  AND 
COLUMBIUM  IN  SODIUM 


Temperature, 

F 

Solubility,  spm 

, 

Cobalt(iS) 

Tantalum!**) 

Columbiuml2*1) 

689 

0.028 

0,032 

798 

0.021 

0.  19 

- 

977 

1.00 

2.9 

- 

1846 

- 

- 

7.4 

2185 

- 

- 

35 

2518 

" 

243 

"A  preliminary  interpretation  of  this  effect 
ie  that  attack  results  from  a  high  effective-oxide- 
impurity  level  created  at  the  entrance  to  the  cold  f 
leg  on  the  beginning  of  super  saturation,  and  subse¬ 
quent  nucleation  of  metal  precipitates  with  the 
accompanying  liberation  of  oxygen  to  sodium  oxide. 
This  causes  attack  in  grain-boundary  areas  which 
are  suspected  to  be  depleted  in  chromium  by  the 
precipitation  of  »*  the  grain  boundaries,  "t2?) 

Materials  Transfer.  Type  316  stainless 
steel  was  approximately  neutral  to  carbon  transfer 
in  a  monometallic  system.  However,  it  car¬ 
burized  to  several  mils  when  combined  with 
2- l/4Cr- IMo  or  5Cr- l/2Mo- 1- l/2Tisteels.  The 
carbon  profile  of  inserts  in  a  Type  316/2- l/*-Cr- 
IMo  system  was  as  follows: 
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Approximate  Gross  Carbon 


Temperature, 
r  F 

Content  of  Inserts,  percent 

Tvpe  316  SS 

2-  l/4Cr-  IMo 

Pretest 

0,045 

0.  105 

1200 

0.05 

-- 

1100 

0.08 

0.05 

1000 

0.08 

0.  10 

700 

0.  105 

This  tramfer  wan  not  dependent  on  the  oxygen  con¬ 
tent  of  the  eodium  (from  10  to  SO  ppm).  In  addition, 
selective  transport  of  chromium  and  nickel  from 
austenitic  surfaces  was  found  to  occur  in  low-oxide- 
level  systems  above  1000  F.  This  was  sufficient  to 
produce  a  noticeable  ferritic  layer  (for  example,  S 
to  8  microns  thick,  after  2800  hours  at  1200  F).  In 
the  case  of  high-oxide-level  systems,  iron  was 
selectively  removed. 

2.  1.  3.  2  Various  Austenitic  Steels:  Inserts  in 
1110  and  1290  F  Pump  Loops  Fabricated  of  18Cr- 
9Ni-  ITi  Steel<9) 

Corrosion  Behavior.  After  5500  hours  in 
1110  F  sodium  containing  60  to  80  ppm  oxygen, 
indications  of  corrosion  were  as  follows: 

No  Attack 

¥  » 

15Cr-  15Ni-3Mo 

Up  to  5  mils 'Intergranular  Attack 

!2Cr-  16Ni-4Si-0.  5Cb 
14Cr-  15Ni-  lCb 
14Cr-20Ni-2W-  ICb 
15Cr-15Ni-3Mo-0.  7Cb 
18Cr-9Nl-0.  45Ti 

After  1500  hours  in  1110  S'  sodium  containing 
200  to  400  ppm  oxygen,  indications  of  corrosion 
were  as  follows: 

Up  to  4  mils  Intergranular  (Plus  Some 
Transgranular)  Attack 

14Cr-20Ni-2W-  ICb 
14Cr-  15Ni-  ICb 
15Cr-  36Ni-  3 W-0.  3Cb 
18Cr-9NI-0.  45Ti 
20Cr-  14Ni-2Si 

Strongth  and  Ductility.  Exposure  to  1110  F 
sodium,  containing  60  to  80  ppm  oxygen,  for  5500 
hours  did  not  strongly  affect  either  strength  or  duc¬ 
tility  of  any  of  the  above  six  steels  evaluated  under 
these  conditions.  However,  1500  hours'  exposure 
to  1110  F  sodium  containing  200  to  400  ppm  oxygen 
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did  produce  noticeable  increases  in  strength  and 
decreases  in  ductility.  This  occurred  in  all  five 
of  the  above  steels  which  were  evaluated  under  the 
latter  conditions,  but  gettering  the  sodium  with 
calcium  significantly  reduced  the  observed  changes. 
Data  for  18Cr-9Ni-0.  45Ti,  the  alloy  exhibiting  the 
greatest  variation,  are: 


T  ensile 
Strength , 
psi 

Elongation, 

percent 

Original  material 

74,000 

41 

Ine  rt-  atmo  sphere 

81,000 

40 

control  sample 

Ungettered  sodium 

96,000 

4 

exposure 

Calcium-  gettered 

70,000 

36 

sodium  exposure 

The  effects  of  exposure  to  1290  F,  20  to  50- 
ppm-oxygen  sodium  for  5000  hourB  on  the  strength 
and  ductility  of  the  four  steels  listed  in  Table  2.  6 
were  not  appreciably  different  from  those  produced 
by  inert-atmosphere  exposures. 

2.1.4  Carbon- Transport  Behavior 
2.  1,4.  1  General 

Atomics  International^® has  investigafed 
the  nature  of  carbon  in  sodium  and  the  reactions  of 
"dissolved"  carbon  with  Type  304  stainless  steel, 
Although  it  is  fairly  well  accepted  that  carbon  can 
exist  in  four  different  forms  in  sodium,  the  factors 
governing  its  distribution  among  these  four  states 
are  open  to  considerate  conjecture.  The  four  condi¬ 
tions  in  which  carbon  is  thought  to  exist  are.‘(^9) 

(1)  Dissolved  Carbon  -  A  true  solution, 

similar  to  Bugar  in  water 

(2)  Suspended  Carbon  -  A  state  in  which 

carbon  particles  are  suspended  in 
the  sodium,  as  in  a  colloidal  Bus- 
pension 

(3)  Sodium  Carbide  -  A  compound  (Na^C2), 

resulting  from  the  chemical  reaction 
of  carbon  with  sodium 

(4)  Other  Carbon  Compounds  -  Where  the 

carbon  exists  as  a  carbonate, 
cyanide,  acetylide,  or  some  other 
complex  salt.'^' 

The  latter  two  forms,  i.  e.  ,  sodium  carbide  and 
and  carbon  compounds,  exist  in  only  very  small 
concentrations,  relative  to  the  amounts  of  "dis¬ 
solved"  and  "suspended"  carbon,  and  thus  play  only 
minor  roles  in  any  carburization- decarburization 
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TABLE  2.  6.  STRENGTH  AND  DUCTILITY  OF  INSERT  MATERIALS  EXPOSED  TO 
1290  F,  20  TO  50-ppm-OX  YGEN  SODIUM  FOR  bOOO  HOURS  IN  LOOP 

CIRCUIT^) 


Material 

As-Received 

Inert  Atmosphere 
Exposure 

Sodium  Exposure 

Tensile 

Strength, 

psi 

Elongation , 
percent 

Tensile 

Strength, 

psi 

Elongation, 

percent 

Tensile 
Strength , 
psi 

Elongation , 
percent 

14Cr-14Ni-4Si-0.  6Cb 

85,000 

38 

94,000 

19 

99,500 

26 

15Cr-15Ni-3Mo-0,7Cb 

84,000 

34 

65,400 

4 

82,500 

5 

20Cr-14Ni-2.  5Si 

94,000 

25 

102,000 

13 

98,000 

13 

18Cr-9Ni-0.  45Ti 

108,000 

39 

104,000 

25 

99,500 

30 

processes  occurring  in  stainless  steel- sodium- 
carbon  systems.  In  fact,  it  has  been  postulated 
that  only  the  carbon  which  is  in  true  solution 
(dissolved  carbon)  is  available  for  carburising 
stainless  steel.  (39)  Hence,  the  term  "effective" 
carbon  has  been  introduced  to  distinguish  between 
the  total  carbon  content  (all  four  forms)  of  the 
sodium  and  that  dissolved  carbon  which  effectively 
contributes  to  the  carburization  process. 

Currently,  only  one  experimental  study  has 
given  the  concentration  of  dissolved  carbon  in 
sodium,  and  little  work  has  been  reported  concern¬ 
ing  the  nature  of  suspended  or  colloidal  carbon, 

J,  G,  Cratton  of  Knoll»(30)  determined  the  solubility 
of  carbon  in  sodium  at  elevated  temperatures , 

Figure  2.  2,  by  exposing  a  spectroscopically  pure 
graphite  electrode  to  commercial-grade  sodium. 

He  sampled  the  sodium  at  various  temperature 
levels  through  a  5-micron  filter  and  then  analyzed 
for  carbon  by  the  wet-oxidation  method  of  Pepkowitz 
and  Porter.  (33)  The  results  of  this  investigation 
indicate  that  the  solubility  of  carbon  in  low-oxygen 
(40  ppm)  sodium  varied  between  32  ppm  and  74  ppm 
in  the  temperature  range  297  to  1292  F,  and  was 
dependent  upon  the  oxygen  concentration  in  the 
sodium.  The  functional  dependence  of  carbon  solu¬ 
bility  (S  =•  ppm)  with  temperature  (K)  was  expressed 
by  the  relationships: 

In  S  =  2.  96  -  6.  21  x  10^  /T  at  40  ppm  oxygen 

In  S  =  5.  61  -  3.  76  x  10^/T  at  260  ppm  oxygon, 

Luner,  Johnson,  Cosgarea,  and  Feder,(34) 
in  attempting  to  verify  Gratton's  results,  found  an 
abnormal  amount  of  scatter  for  a  given  set  of  condi¬ 
tions  and  no  smooth  variation  with  temperature. 
Filtration  studies  and  centrifugation  experiments 
led  them  to  the  tentative  conclusion  that  the  carbon 
exists  in  so  fine  a  suspension  iri  sodium  that  there 


FIGURE  2.  2.  SOLUBILITY  OF  CARBON  IN 
SODIUM'30' 


is  no  "readily  measurable  equilibrium  solubility 
in  the  graphite  sodium  system".  These  studies  are 
continuing. 

Goldmann  and  Minuskin^3^  present  a  concise 
disucssion  of  carbon  transport  in  sodium- stainless 
steel-carbon  systems.  Since  carbon  is  more  or 
less  soluble  in  Bodium  and  occurs  in  varying  forms 
and  amounts  in  container  materials,  it  tends  to 
migrate  from  one  region  to  another  in  molten  sodium 
systems.  This  carbon-transport  behavior  can  be 
rationalized  on  the  basis  of  simple  thermodynamic 
considerations.  In  most  systems,  the  initial 
activity  (free  energy)  of  carbon  in  the  sodium  is 
different  from  that  in  the  containment  materials. 
Thus,  "when  carbon  or  carbon  alloys  with  different 
carbon  activities  (free  energies)  are  in  contact  with 
sodium  in  the  same  system,  or  when  a  single  metal 
or  alloy  is  in  contact  with  sodium  at  different 
temperatures,  carbon  migrates  via  the  sodium 
from  regions  with  the  higher  activity  (free  energy) 
to  those  with  the  lower  activity  (free  energy).  The 
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rarhnn  transfer  tend*  toward  an  equilibrium  at  all 
surfaces  in  contact  with  the  sodium.  The  resulting 
carbon  concentration  in  the  metal  or  alloy  may 
reach  very  different  values  from  the  original 
ones".(3^  The  driving  force  for  the  carbon  mi¬ 
gration  process  is  this  difference  in  activities  or 
partial  molal  free  energies  between  the  carbon 
existing  in  the  container  materials  and  that  in  the 
sodium. 

<L  1,4,1  Type  304  Stainless  Steel;  Equilibrium 
Reactions  of  1000  to  1600  F  Sodium-Immersed 
Material  With  Carbon^S) 


Carbon  at  Steel  Surface.  In  sodium  saturated 
with  carbon,  the  equilibrium  carbon  content  at  the 
surface  of  Type  304  stainless  steel  was  measured 
as: 

Temperature,  Equilibrium  Surface  Carbon 
F  Concentration,  wt% _ 


1000 

2.6B 

1200 

3.  1 

1400 

3.6 

1600 

4.35 

FIGURE  2.3,  ME TALLOG RAPHIC  ALLY  DE - 

TERMINED  DEPTH  OF  VOLUME 
CARBURIZATION  VERSUS  TIME 
AT  TEMPERATURE,  FROM  CAR¬ 
BURIZATION  OF  TYPE  304 
STAINLESS  STEEL  IN  CARBON- 
SATURATED  SODIUM(35) 


The  equilibrium  carbon  content  at  the  surface 
of  Type  304  stainless  steel  with  sodium  of  varying 
carbon  content  at  1200  F  is: 

Carbon  in  Equilibrium  Surface  Carbon 

Sodium ,  ppm  Concentration,  wt7a 


15 

0.04 

18 

0.30 

25 

1.0 

60 

3.0 

70  (saturation 

3.  1 

level  at 
1200  F) 


This  Implies  that  sodium  containing  13  ppm  carbon 
would  be  in  equilibrium  with  normal  Type  304 
stainless  steel  (0.  04  to  0.  08  C)  at  1800  F, 


2,  1,  4,  3  Various  Austenitic  Steels  (and  One  Nickel- 
Base  Alloy):  Capsule-Insert  Experiments  to  In¬ 
vestigate  Carbon  Transfer  From  Carbon  Steels  in 
i200  F  Sodium  Environment^^) 

Materials 

Austenitic  Steels 

18Cr-llNi-0.64Ti-0.08C 
20Cr-  15Ni-  lMn-2.  5Si-0.  14C 
14Cr-20Ni-2.7W-lCb-1.5Mn-0.  12C 

Nickel-Base  Alloy 

75Ni-20Cr-0.21Ti-0.03C 

Carbon  SteelB 


Carbon  Within  Case.  Case  depth  as  a  function 
of  time  and  temperature  is  shown  in  Figure  2.  3. 

The  case  depth  is  defined  by  a  concentration  of 
0.  31  weight  percent,  which  is  the  limit  that  can  be 
detected  metallographically. 

The  equilibrium  carbon  level  in  the  case  is 
greater  than  the  level  of  carbon  solubility  in  the 
steel.  The  excess  carbon  reacts  to  form  an  iron- 
chromium-carbon  compound,  (Fe,  Crl^Cj,  con¬ 
taining  75  percent  chromium  which  precipitates  and, 
in  effect,  removes  chromium  from  the  alloy. 


0.73,  0.83,  and  0.  99C 

Carbon  Transfer  (From  Carbon  Steel 
Crucibles  to  Inserts;  1200  F ,  2000  and  4000  Hours ) . 
As  indicated  below,  considerable  carbon  transfer 
occurred  between  carbon  steel  and  several  austen¬ 
itic  stainless  steels.  This  mass-transfer  uffect 
was  found  to  depend  somewhat  on  the  oxygen  level 
in  the  sodium. 
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Carbon  Content,  wt%,  in  0.2 
MM-Thick  Surface  Layer  After 
4000  Hours'  Exposure  to  Sodi- 
um  of  Indicated  Oxygen  Content 
Insert  50  PPM  500  PPM  1000  PPM 

Material  O2  Oj 


18Cr- 1 INi 

2.  34 

2.59 

3.  0 

20Cr-15Ni 

1.66 

1.  70 

1.  76 

14Cr-20Ni 

1.85 

1.  80 

2.  1 

2 lCr-75Ni 

-- 

1.  33 

).  18 

Additions  of  zirconium  inserts,  which  get- 
tered  both  oxygen  and  carbon,  reduced  the  carbon 
transfer  by  approximately  25, percent;  columbium 
in  the  sodium  was  less  effective. 

Not  only  was  carbon  transferred  to  the  insert 
materials,  but  when  the  oxygen  levels  in  the  sodium 
were  abnormally  high  (to  about  6000  ppm),  carbon 
also  appeared  in  a  fine  layer  on  the  sodium- 
contacting  crucible  walls.  Insert  specimens  located 
above  the  liquid  sodium  were  carburized,  but  only 
about  one-fourth  as  much  as  submerged  specimens. 

Anodic  polarization  of  the  carbon  steel  in¬ 
creased  the  degree  to  which  it  decarburized,  while 
cathodic  protection  gave  the  opposite  result.  The 
interpretation  was  that  the  carbon-transfer  process 
involves  ionic  oxygen  rather  than  molecular  sodium 
oxide. 

These  various  observations  led  to  the  hypoth¬ 
esis  that  the  carbon  carrier  is  carbon  monoxide 
which  is  formed  by  chemical  reaction  of  ionic 
forma  of  carbon  and  oxygen.  Dissociation  of  monox¬ 
ide  molecules  on  metal  surfaces  would  liberate 
carbon. 

Property  Changes  Owing  to  Carburization. 
Insert  materials  were  embrittled  severely  as  a 
result  of  carburization,  as  indicated  in  the  follow¬ 
ing  tabulation. 


4000-  Hour 
exposure  st 
U00  F  to  Inert 
Atmosphere 

4000' 

•  Hour  Exposure  at  1200  P  to  Sodium 
of  Indicated  Oxygon  Content 

50  PPM  0 1 

500  PPM  02 

1000  PPM  02 

Herd* 

Elonga¬ 

Hard- 

Elonga¬ 

Hard- 

Elonga¬ 

Hard-  fclonga- 

nesB| 

tions 

nesit 

tions 

ness, 

tion, 

ness,  tion, 

Material 

VHN 

pa  rcent 

VHN 

p«  rcent 

VHN 

percent 

VHN  percent 

lSCr-HNi 

220 

22 

637 

0 

724 

0 

700  0 

20Cr-  15NI 

III 

18 

425 

0 

460 

0 

450  0 

HCr-iONl 

L44 

24 

427 

0 

457 

0 

478  0 

21Cr-75Nl 

185 

21 

265 

1/ 

263 

9 

255  11 
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2.  1,4.4  Combinations  Involving  Type  1043  Plain 
Carbon  SteejX^ 

Table  2.7  presents  results  of  1830  F  static- 
capsule  experiments  which  demonstrate  the  de¬ 
carburization  of  sodium-exposed  Type  1043  steel 
in  contact  with  Armco  iron  and  with  Type  304  ELC 
stainless  steel.  The  findings  in  the  latter  case 
also  indicate  transfer  of  nickel  to  the  carbon  steel 
from  the  austenitic  steel  employed  as  the  con¬ 
tainment  material. 

2.  1,  5  Multimetallic  Loop  System 

2,  1,  5.  1  Combination  of  Five  Iron-  and  Nickel- 
Base  Materials*  Incorporated  Into  Integral  Pump- 
ins  Loons  Operated  With  1300  to  1400  F  NaK- 

7al»-T9) - 

Table  2.8  summarizes  corrosion  data  for 
NaK- 78  pumping- loop  experiments  involving 
materials  located  in  series,  as  follows,  iu  the 
flow  circuits: 

Hastelloy  N  (Chromized)  -  Heater  section 

Types  316  and  347  stainless  steel  and 
Croloy  9M  -  Heater-cooler  connecting 

section  '■ 

"  s 

,•  '  i  > 

Croloy  9M  -  cpoler  section  ’ 

Croloy  9M,  Hastelloy  C,  and  Type  316 
stainless  steel  -  Cooler-heater  connecting 
section. 

Corrosion  and  Mass  Transfer.  The  corro¬ 
sion  of  Hastelloy  N  and  stainless  steel,  was  depend¬ 
ent  on  the  presence  of  oxygen  in  the  NaK.  Hastelloy 
N  exhibited  the  greater  degree  of  attack,  but  its 
corrosion  rate  was  not  as  sensitive  to  oxygen  as 
that  of  the  stainless  steels.  Slight  weight  gains 
which  were  observed  for  the  Croloy  9M  resulted 
from  nickel  pickup  by  dissimilar-metal  transfer. 

In  the  high-oxygen  loops,  mass-transfer  products 
containing  sodium  chromite  (NaCrOz)  were  found. 


*  The  simulated  reactor-materialB  situation  is  as 
follows: 

Hastelloy  N  (Chromized)  -  fuel  cladding 
Hastelloy  C  -  lower  grid  plate 
Type  347  stainless  steel  -  BeO  moderator 
cladding 

Type  316  stainless  steel  -  reactor  vessel 
and  primary  piping  system 
Croloy  9M  -  mercury  boiler  material. 
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TABLE  2.  7.  DATA  FOR  EXPOSURES  OF  TYPE  1043  PLAIN  CARBON  STEEL  IN  1832  F  SODIUM*10' 


Material 

Original 

Carbon 

,  wt  % 

Weight  Loss,  mg/cm1 

Nickel 

,  wt  % 

After 

100-Hour 

Exposure 

After 

400-Hour 

Exposure 

After 

100-Hour 

Exposure 

'  After 

400-Hour 

Exposure 

Original 

After 

400-Hour 

Exposure 

Armco  Iron  Capsule 

Type  1043  steel 

0.  43 

0.  121 

0.  054 

0,03 

6.  1 

Armco  iron 

0.  019 

Vapor  zone 

0.019 

0.  016 

Bath  zone 

0.  035 

0.  024 

Type 

304  ELC  Stainless  Steel  Capsule 

Type  104  3  steel 

0.  43 

0.  100 

0.  074 

0,03 

4.7 

0.  008 

0.  090 

Typo  304  ELC 

0.  022 

11.  12 

stainless  steel 

Vapor  zone 

0,022 

0.  162 

10.  32 

Bath  zone 

0.  128 

0.  200 

9.98 

TABLE  2.  8.  , EFFECT  OF  TIME,  TEMPERATURE,  HYDROGEN,  AND  OXYGEN  ON  CORROSION  OF 
/'  MATERIALS  IN  NaK-78  PUMPING  LOOPS  (At  =  200  F) 


Oxygen  Content 
in  NaK 


Corrosion,  mg/cm^ 


Type 


Peak 

Temperature , 

F 

Time ,  i 
hours 

i  Hydrogen 
'  Present 

(Regulated  by 

Cold  Trapping), 
ppm 

Hastelloy  N 
(Chromized) 

.  347 

Stainless 

Steel 

Croloy  9M 

1300 

20$0 

No 

<  30 

-3 

+0.  8 

+0.1 

1400 

2000 

No 

<  30 

-8 

-1 

+0.  3 

1400  '( 

2000 

No 

~  80 

-8 

-3 

-1.5 

1400 

5100 

No 

<  30 

-20 

•  2 

-0.  3 

1300 

2000 

Yes 

<  30 

-3 

+  0.  8 

0 

Effect  of  Hydrogen.  One  objective  In  the 
program  was  to  determine  the  effect  of  hydrogen. 
Introduced  into  the  liquid-metal  stream,  on  com¬ 
patibility.  Pertinent  experiments  led  to  the  con¬ 
clusion  that  hydrogen  has  no  effect  on  either  corro¬ 
sion  rates  or  carbon  migration. 

Carbon  Migration.  At  temperatures  as  low 
as  1.100  F,  Croloy  9M  experienced  significant  car¬ 
bon  depletion,  while  in  other  sections  at  lower 
temperatures,  it  was  carburized.  Variations  in 
oxygen  level  in  the  NaK  appeared  to  have  little 
effect  on  the  ca rbon- migration  rates. 

2.  1.  6_  Mechaniea  1- Property  Effects  for 
Type  31b  Stainless  Steel 


2.  1.  6.  1  Type  316  Stainless  Steel;  Evaluation  of 
Mechanical  Properties  After  Sodium,  Air,  or 
Helium  Expoaure.at  1200  F. 

Carbon  Transfer.  Exposure  of  Type  316 
stainless  steel  to  high- carbon*  sodium  resulted 
in  carburization  of  the  surface  layer  -  typically, 
from  an  original  470  ppm  to  nearly  7000  ppm  In 
4000  hours.  Exposure  to  normal- carbon  sodium 
(both  low  and  high  oxygen)  increased  the  surface 
carbon  level  to  about  1000  ppm. 

*  Low- oxygen  sodium  =  ~30  ppm  oxygen 
High-oxygen  sodium  300  ppm  oxygen 
High-carbon  sodium  =  generally,  In  the  30  to 
60-ppm  range  (saturated  or  nearly  bo), 
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Several  materials  tested  were  found  to  gain 
carbon  in  the  following  order: 

Type  321  >  Type  304  >  Type  310  >  Type  317  > 
Type  309  >  Type  330  >  Incoloy  800  >  2-  1  /4Cr- 
l Mo  >  Inconel  600  >  Nickel  >  Armco  iron, 


As  shown  below,  stress  was  found  to  promote 
carburization  in  Type  316  stainless  steel  exposed 
at  1200  F  sodium. 


Exposure  Time,  hour 

2,489 

4,000 

Stress  Level,  psi 

Average  Carbon  Content, 

18,500 

0 

ppm 

0-2  mils  below  surface 

3,211 

1,063 

2-4  mils  below  surface 

1,516 

491 

4-6  mils  below  surface 

686 

561 

6-8  mils  below  surface 

806 

471 

Original  Carbon  Corilfent, 

ppm 

458 

458 

Creep-Rate  Behavior.  See  Figures  2, 

4  and 

The  deformation-time  curves  for  Type  316 

stainless  steel  In  1200  F  high-carbon  sodium 
showed  inflections  and  only  brief  second- stage 
creep  periods. 


Creep- Rupture  Behavior.  See  Figure  2,6. 


Cyclic-Strain*11  Behavior.  See  Figures  2,  7 
and  2.8. 


Tensile-Strength  Behavior.  Variations  of 
tensile  strength  after  the  following  1200  F  ex¬ 
posures  were  5  percent  or  less: 

(1)  Air 

(2)  Helium 

(3)  400  hours  in  low-oxygen  sodium;  tested 
in  helium. 

Typical  values  for  sodium-exposed  speci¬ 
mens  were; 

. 

Tensile  Strength 

1200  F  -  48,470  psi 

_ RT  -  92,850  psi 

*  Defined  as  the  ratio  of  specimen  thicknesses 
to  the  radius  of  the  mandrel  over  which  the 
specimen  was  bent. 
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FIGURE  2.4.  MINIMUM  CREEP  RATE  OF  TYPE 
316  STAINLESS  STEEL  IN  AIR, 
HELIUM.  AND  SODIUM  AT 
1200  F<4i> 
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FIGURE  2.  5.  MINIMUM  CREEP  RATE  OF  TYPE 
316  STAINLESS  STEEL  IN  AIR, 
HELIUM.  AND  SODIUM  AT 
1200  F<45> 


100  ZOO  300400  6008001000  2  3  4  0000 


Tims, hours 

FIGURE  2.6.  CREEP  TO  RUPTURE  OF  TYPE 

316  STAINLESS  STEEL  SPECIMENS 
IN  AIR,  HELIUM,  AND  SODIUM 
AT  1200  F<4,J> 


16 


SODIUM  AND  NaK  AUSTENITIC  STAINLESS 

STEELS 


FIGURE  2.7.  FATIGUE  TESTS  OF  316  STAIN¬ 
LESS  STEEL  IN  AIR,  LOW-OXYGEN 
SODIUM,  AND  HIGH-CARBON- 
SODIUM  ENVIRONMENTS  AT 
1200  F(41' 


Cycles  to  Failure 


FIGURE  2.8.  FATIGUE  TESTS  OF  TYPE  316 

STAINLESS  STEEL  IN  AIR,  LOW- 
OXYGEN  SODIUM,  AND  HIGH- 
OXYGEN  SODIUM  ENVIRONMENTS 
AT  1200  F(41' 

Offset  (0.  2%)  Yield  Strength 
1200  F  -  25,870  psi 
RT  -  43,930  psi 

Elongation 

1200  F  -  43  percent 
RT  -  48  percent 

Impact -Strength  Behavior,  Exposures  of 
4000  hours  at  1200  F  resulted  in  the  following 
reductions  in  impact  strength: 

(1)  47  percent  in  helium 

(2)  65  percent  in  sodium  (high  oxygen) 

(3)  82  percent  in  sodium  (high  carbon) 
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(Original  material  had  impact  strengths 
between  9  and  10  ft-lb  for  0.  098 -in.-h-thick 
specimens. ) 

2,  1.6,2,  Type  316  Stainless  Steel;  Recommended 
Detign  Stresses  for  Sodium  Service)^^ 

Figure  2.  9.  presents  recommended  stress 
curve b  "developed  by  applying  the  following  factors 
to  the  stress  levels  reduced  by  the  extended  life 
and  environmental  considerations  for  each  of  the 
materials: 

(1)  100  percent  of  the  average  stress  to 
produce  1  percent  creep  in  210,000 
hours 

(2)  100  percent  of  the  stress  to  produce 
rupture  in  210,000  hours. 

"Figure  2.  9  includes  all  of  the  factors  for 
extended  life  (210,000  hours)  and  the  nonoxidizing 
environment  effect.  The  extended  life  does  not 
affect  the  design  BtresseB  until  approximately 
1150  F.  This  effect  reaches  10  percent  between 
1200  and  1250  F  and  a  maximum  of  33  percent  at 
1400  F.  The  nonoxidizing  environment  effect, 
which  was  reported  by  MSA  Research  Corporation, 
shows  a  20  percent  reduction  of  creep  strength  at 
210.000  hours,  Applying  this  effect  to  the  creep 
curve,  it  now  becomes  the  controlling  factor  at 
approximately  1050  F. 


"Not  included  in  the  design  stress  curve 
are  the  effects  of  carburization  and  of  nickel  and 
chromium  transport.  Although  carburization  tends 
to  strengthen,  it  also  tends  to  embrittle  the 
material.^44) 

2,  1,7,  .  Nitrogen- Transport  Behavior 
1,  7.  1.  Nitriding  of  Stainless  Steel^4^’4^ 

Although  nitrogen  is  considered  to  be 
practically  insoluble  in  sodium,  early  experiments 
at  Knolls^4^  have  demonstrated  that  ferrous  alloys 
and  beryllium  are  readily  nitrided  in  sodium  when 
confined  under  a  nitrogen  cover  gas.  Results  of 
static  capsule  tests,  performed  at  900  F  for  7 
days,  and  static  container  tests,  conducted  at 
1100  F  for  39  days,  are  presented  in  Table  2.  9. 
These  results  indicate  that  (1)  the  ferrous  alloys 
(with  the  possible  exception  of  2-l/4Cr-lMo)  and 
beryllium  will  nitride  in  sodium  when  in  the  pre¬ 
sence  of  nitrogen,  either  dissolved  or  carried  as 
CajN^,  and  (2)  the  nitride  reaction  occurs  at 
900  F.  The  boundary  between  the  n.tride  layer 
and  the  base  material  in  the  austenitic  stainless 
steels  had  the  same  sharp  delineation  that  is 
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FIGURE  2.  9.  DEVELOPED  DESIGN  STRESSES 
FOR  TYPE  316  STAINLESS  STEEL 
IN  A  SODIUM  ENVIRONMENT  AND 
A  30-YEAR  LIFE<44> 

TABLE  2,  9.  NITRIDING  OF  VARIOUS  MATERIALS  IN  SODIUM  UNDER  A  NITROGEN  COVER  GAS<46> 


prominent  in  commercially  nitrided  steels.  Also 
apparent  in  these  tests  was  a  noticeable  decrease 
in  hardness  of  the  nitrided  materials.  This  de¬ 
crease  in  hardness  was  attributed,  by  the  authors, 
to  a  combination  of  two  factors:  first,  nitride 
layers  that  are  maintained  at  elevated  tempera¬ 
tures  for  long  periods  of  time  tend  to  soften,  and 
second,  nitriding  may  be  incomplete  under  the 
reaction  conditions  during  the  tests.  It  was  postu¬ 
lated,  from  the  thermodynamics  of  the  reaction, 
that  nitrogen  transport  in  sodium  (via  diffusion, 
entrainment,  or  in  CajN^  as  a  carrier)  could 
conceivably  be  the  rate-controlling  step  in  the 
nitriding  process. 

The  results  observed  in  the  Knolls  study 
were  confirmed  several  years  later  for  Type  304 
stainless  steel  at  Atomice  International, '4d' 

In  this  more  extensive  investigation,  nitriding  of 
Type  304  stainless  steel  occurred  in  sodium  loop 
tests  at  1000  F.  The  experiments  consisted  of 
exposing  Type  304  stainless  steel  specimens  to 
low- oxygen- content  (10  ppm)  sodium  in  a  low- 
velocity  (0.  1  to  0.  2-ft/eec)  test  loop  employing 
nitrogen  as  a  cover  gas.  The  specimens  were 
poaitioned  in  the  loop  so  that  a  portion  of  each 
extended  above  the  surface  of  the  sodium  into 
the  nitrogen  atmosphere.  One  specimen  was  com¬ 
pletely  submerged  18  inches  below  the  ijurface  of 
the  sodium.  Specimens  were  removed  from  the 
loop  after  exposures  of  660,  1100,  and  1400  hours 
and  examined  metallographically,  The  results  of 


Test 

Material 

Surface 

Area, 

dm2 

Weight 
Change,  mg 
(Average,  of  3 
Specimens) 

Thickness 
of  Nitride 
Layer , 
mile 

Knoop  Hardness 
Nitride  Base 

Layer  Material 

X-Ray  Diffraction  Data 

Static  Capsule  Tests 

900  F,  7  days 

Be 

0.072 

+  0,  4<*> 

None^k) 

- 

- 

Film  identified  as 

BeyNj 

0?  ■=  0.  003  wt  % 

347  SS 

0.074 

+  1.0 

0.  25 

2B5 

178 

None  taken(c) 

Ca  =  10  ppm 

Static  Container  Tests 

347  SS 

0. 196 

+  9.  0 

0.4 

243 

1B2 

None  taken(c) 

1100  F,  30  days 

Oj  =  0.  003  wt  % 

Ca  e  10  ppm 

304  SS 

0. 163 

+  9.0 

1.0 

350 

156 

Layer  identified  as 
yCrN 

410  SS 

0. 163 

+  1B,  0 

2.  25 

263 

154 

Layer  identified  as 
vCrN 

2.  5Cr-lMo 

0. 163 

0.  0 

None 

155(d> 

131 

- 

18-4-1  tool 
steel 

0.  102 

+  2.0 

1.  5 

310 

243 

None  taken<c) 

6-6-2  tool 
steel 

0.  163 

+  7.0 

1.  5 

277 

212 

None  taken^ 

(a)  After  descaling:  film  weight  (per  specimen)  1,6  mg. 

(bl  No  visible  nitride  effect  cn  deBcaled  surface,  except  remaining  nitride  film  caught  in  narrow  irregularities  owing  to 
incomplete  descaling. 

(c)  Structure  similar  between  this  film  and  X-ray  identified  films, plus  the  increase  in  hardnesB,  are  taken  as  evidence  that 
this  film  carries  a  nitride. 

(d)  Too  small  an  increase  to  be  significant  in  the  absence  of  lx  visible  film. 
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these  tests,  Table  2.  10,  indicate  that  Type  304 
stainless  steel  will  nitride  in  a  1000  F  sodium  flow 
loop.  It  is  evident  from  Table  2.  10  that  nitriding 
is  relatively  rapid  immediately  below  the  sodium- 
nitrogen  interface,  and  the  degree  of  nitriding 
decreases  with  increasing  distance  from  the 
sodium  aid-:  of  the  boundary.  Exposure  for  1140 
hours  or  more  was  sufficient  to  produce  some 
nitriding  on  the  gas  tide  of  the  interface.  For  the 
completely  submerged  specimen,  18  inches  below 
the  sodium  surface,  a  very  thin  case  was  found  to 
exist  after  1400  hours'  exposure. 

Also,  to  ascertain  the  effects  of  nitriding 
on  the  mechanical  properties  of  Type  304  stainless 
steel,  tensile,  stress- rupture ,  and  flexural- 
fatigue  tests  were  performed  on  specimens  which 
had  been  nitrided  by  commercial  techniques  em¬ 
ploying  ammonia  gas.(^)  Table  2.  11  summarizes 
the  results  of  these  tensile  tests.  An  increase  in 
the  yield  strength  and  a  marked  decrease  In  both 
ultimate  strength  and  ductility  (elongation)  were 
exhibited  by  the  light  (1  to  2- mil  case)  and  the 


heavy  (4  to  6-mil  case)  nitrided  Type  304  stainless 
steel.  These  effects  occurred  from  room  tempera¬ 
ture  to  1000  F.  From  the  streB s- rupture  tests, 
it  was  determined  that  at  1000  F,  the  nitrided 
material  has  an  appreciably  shorter  lile  at  a 
given  stress  than  does  mill-annealed  Type  304 
stainless  steel.  For  example,  it  is  evident  from 
Figure  2.  10  that  at  a  stress  of  40,000  psi,  the 
life  of  the  "as  received"  specimens  is  approxi¬ 
mately  50  times  that  of  specimens  with  a  1  to  2- 
mil  case.  Furthermore,  the  heavier  the  case  the 
shorter  the  rupture  life  at  a  given  stress. 

2.  1,  7.2.  Nitrogen  Migration  Via  Dissimilar- 
Metal  Mass  TrauBfer^-^ 

In  refractory  metal-stainless  steel- sodium 
systems,  the  transfer  of  interstitial  nitrogen 
(similar  to  carbon)  from  stainless  steel  to  the 
refractory- metal  surface  (where  more  stable 
nitrides  are  formed)  has  been  observed ,  The 
system  Type  316  Btainless  steel-columbium- 
sodium  was  extensively  Investigated  in  the  1500 


TABLE  2.  10.  NITRIDE-CASE  THICKNESS  FOR  TYPE  304  STAINLESS  STEEL 
EXPOSURE  TO  1000  F  SODIUM-NITROGEN  SYSTF.M<45> 


Exposure  Time, 
hours 

Nitride-Case  Thickness, 

. 

Specimen  Position 

Sodium-Side 

Interface 

Nitrogen- 

Side  Interface 

Slightly  Below 

3  Inches  Below 

Slightly  Above 

3  Inches  Above 

660 

0.9 

0.  1 

None 

None 

1140 

1.  5 

0.  1 

0.  1 

0.  1 

1400 

2.0 

0.  3 

0.4 

TABLE  2.  11.  TENSILE  DATA  FOR  NITRIDED  TYPE  304  STAINLESS  STEEL<45> 


As  Received  1 

to  2-Mil  Case 

4  to  6-Mil  Case 

Yield  Strength,  psi 

RT 

35,300 

34,000 

39,500 

500  F 

22,500 

28,400 

29,800 

1000  F 

18,800 

26,900 

29,800 

Ultimate  Strength,  psi 

RT 

9  3,100 

74,000 

60,000 

500  F 

67,900 

53,500 

41,600 

1000  F 

61 ,900 

48,100 

41,700 

F.longation,  percent 

RT 

65.  2 

35.  6 

17.  5 

500  F 

34.  9 

19.  6 

10,  5 

1000  F 

32.  8 

18.  3 

6.  5 
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(2)  At  temperatures  up  to  about  900  F, 
chromium  alloy  Bteels  do  not  sutler 
loss  of  carbon  as  a  result  of  sodium 
exposure.  At  higher  temperatures, 
particularly  when  a  carbon  sink  is 
present,  carbon  losses  do  occur  and 
can  progress  to  the  point  where  the 
material  is  seriously  weakened.  In 
practical  heat-exchange  systems, 
this  sink  usually  consists  of  some 
austenitic  steel  component. 

(3)  Resistance  to  decarburization  is  a 
direct  function  of  the  chromium  content 
in  chromium  alloy  steels.  This  is  il¬ 
lustrated  by  the  fallowing  observations 
on  insert  specimens  exposed  to  sodium 
in  pump  loops  fabricated  of  austenitic 
stainless  steels  and  operated  with 
oxygen  levels  below  100  ppm. 

Exposure  Temperature 


Alloy 

In  Loop  System,  F 

DecarburUation 

l/2Cf 

lioo 

Nearly  complete 

lCr-  l/2Mo 

750 

None 

i-l/4Cr-  IMo 

1020 

Nearly  complete 

1050 

About  SO  percent 

i-  l/4Cr-  IMo 

1100 

Nearly  complete 

750 

None 

950 

None 

1020 

Slight 

1050 

About  50  percent 

SCr-0.  5Mo 

1100 

Nearly  complete 

1050 

Slight 

5Cr-  0.  SMa-0.  39T1 

1050 

None 

9Cf-0.  5MO-1-1/231 

950 

None 

7Cr-Q.  5 Mo 

1050 

None 

9Cr-  IMo 

1050 

Slight 

liCr 

930 

None 

selected  from  References  4,  8,  9.  2 7,  48-80.) 

(4)  The  resistance  of  low-chromium  alloys 
to  decarburization  can  be  significantly 
improved  through  the  addition  of  re¬ 
fractory  metals  which  function  as 
carbon  stabilizers, 

2,  2,  2  Detailed  Loop-Teat  Data 

2,2.2.  1.  2-  1  /4Cr-  IMo  and  5Cr-  1/2 Mo-  l/ZTi 

Alloys;  Inserts  in  and  Cold  Lege  of  Pump  Lqopb 
With  The  Same  Material  or  Type  310  Stainless 
Steel  an  the  Hot  Legs^’^' 

Nominal  Sodium  Conditions. 

Tmax  =  1100  and  1200  F 
t  T  =250  and  500  F 
V  =  to  30  fpa 
Time  = to  30,000  hours 
Oxygen  in 

sodium  *  10  and  50  ppm  (by  cold 
trapping). 


2-l/4Cr-lMo  Steel.  This  material  decar- 
buriseu  in  uui.li  tnuuuiii«ialiL  and  bimetallic  (Type 
31b  stainless  steel  hot  leg)  systems  and  suffered 
a  corresponding  loss  of  tensile  strength.  In  the 
monometallic  case,  the  carbon  migration  oc¬ 
curred  from  the  high-temperature  (~  1200  F)  to 
the  low- temperature  zone;  in  the  bimetallic  case, 
the  migration  occurred  from  zones  have  tempera¬ 
tures  greater  than  1000  F  to  the  austenitic  regions. 
Data  pertinent  to  these  studies  are  listed  below; 


Inaert  Expo 
Temperature , 

aure 

Time  , 

Carbon 

Level, 

Room- Temperature 
Strength  of  2-  l  /4Cr- 1  Mo 
fniert,  pa) 

Type  of  Loop 

F 

hour  a 

percent 

Yield 

Ultimate 

None  (original 
■took) 

0.  10 

52,000 

98 ,000 

Bimetallic 
(Oj  W  SO  ppm) 

1000 

2800 

0,  10 

59,000 

85,000 

Monometallic 
(0*  *  10  ppm) 

1000 

1400 

0.09 

51,000 

BO, 000 

Bimetallic 
(Oj  k  io  ppm) 

1100 

700 

0.04 

35,000 

48,100 

Bimetallic 
(Oj  »  10  ppm) 

1100 

1400 

0.  04 

30,000 

61,000 

Monometallic 
(O2  y  10  ppm) 

1200 

700 

0.  OS 

32,000 

63,000 

5Cr-l/2Mo-l/2Tl  Steel.  In  both  the  mono¬ 
metallic  and  bimetallic  systems,  this  material 
was  largely  unaffected  by  carbon  transport. 
However,  it  did  suffer  intergranular  attack  up  to 
1  mil  after  2800  hours'  exposure  in  the  1000  to 
1200  F  range  (~ 50  ppm  oxygen  in  the  sodium), 

2.  2,2,  2  2- 1  /4Cr-  IMo  Alloy  With  Refractory 
Metal  Additions;  Inserts  in  a  Thermal  Loop 
Fabricated  of  Type  304  StainlesB  Steel^' 

Nominal  Sodium  Conditions 


Tmax  =  1200  F 
AT  =  750  F 
V  =  0.  1  fps 
Time  =  to  4000  hours 
Oxygen  in 

Sodium  =  approximately  60  ppm. 

Materials 
2- 1  /  4Cr-  IMo 

2-l/4Cr-lMo-0.037Cb  (4S3)* 

2- 1  /4Cr-  lMo-0.  73Cb  (4S7) 

2- 1  /4Cr-  lMo-0.  32Ti  (4S2) 

2- 1  /4C r-  lMo-0.  4Ti-0.  lCb  (4S5) 

2- 1  /4Cr-  lMo-0,  4Ti-0,  4Cb  (4S1) 

2-  l /4C r-  lMo-0,  4T1-0.  4Cb-l.  3Ni  (5S2) 

2- 1  /4Cr-  lMo-0.  6V  (4S4) 

2-1  /4Cr-  !Mo-0.  6V-0.  lCb  (4S8) 

2- 1  /4Cr-  lMo-0.  6V-0.  25Cb  (4S9) 

2-1  /4Cr-2Mo-0.  4TI-0.  4Cb  (5S1) 
5Cr-lMo-0.4Ti-0.4Cb  (7S1) 

Corrosion  Behavior.  The  resistance  to 
corrosion  was  improved  by  refractory-metal 
additions.  Typical  specimen  weight  changes 
were  an  follows: 

4  Laboratory  designation. 
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2-l/4Cr-lMo  steel:  -0.  11  mg/fcm^) 
(month)* 


13Cr-  IMo-  ISi-O.  37Cb  did  not  vary  in  carbon 
level. 


Refractory-metal-alloyed  steels:  -0.  03 
to  -0.  07  mg/(cm<')(month) 

Type  304  stainless  steel  (comparison 
material):  -0.  02  mg/(cm2)(month). 


Strength  and  Ductility.  The  strength  and 
ductility  of  sodium-exposed  inserts  (5100  to 
6500  hours)  were  approximately  the  same  as 
those  of  inert-atmosphere  control  samples  ex¬ 
posed  for  5000  hours. 


Carbon  Transfer.  Improved  resistance  to 
carbon  transfer  was  also  obtained  through  the 
addition  of  refractory  metals.  This  observation 
is  illustrated  by  the  following  variations  in  car¬ 
bon  concentration  resulting  from  1000  to  4000- 
hour  exposures. 

Approximate 

Pre- exposure  Carbon  Approximate 


Material 


Level. 


2-l/4Cr-lMo 

0.  11 

-0,  06 

4S3,  4S2,  4S4,  4S8 

0.  14 

-0.03  to  0.07 

4S7,  4S5,  4SI ,  5S2,  4S9 

0,  14  to  0.  16 

0  to  -0. Q2 

581 .  7S1 

0.  15  to  0.  17 

to  +0.02 

Type  304  stainless  steel 

0.  06 

+0.  01 

(comparison  material) 
2.  2.  2.  3  12Cr-  IMo 

and  13Cr-lMo  Alloys;  Inserts 

in  Pump  Loops  Fabricated  of  18Cr- 

9N1-1T1 

Steelv 


Nominal  Sodium  Conditions 


T  =  1?.92  F 
‘max  4  r,y 


V  *  to  15  fps 
Time  ■  to  6,500  hours 


Oxygen  in 

Sodium  =  20  to  50  ppm. 


Original  Properties 


Ultimate 
Tensile 
Strength , 

Elongation  at  Fracture  , 

Material 

_ 

percent 

12Cr- IMo-O,  59W-0.  31V- 

132,000 

11 

0.  42Cb 

12Cr-  lMo-0.  3W-0.  42V 

78,200 

17 

13Cr-  IMo-  lSi-0,  37Cb 

108,000 

13 

5000  Hours  Inert  Atmosphere 

Exposure 
at  1292  F 

Ultimate 

Tensile 

Strength, 

Elongation  at  Fracture, 

£■1 

percent 

!2Cr-lMo-0.  59W-0.  31V- 

81,000 

22 

0.  42Cb 

12Cr-  IMo-D,  3W-0.  42V 

79,500 

16 

1  3Cr- IMo- ISi-O,  37Cb 

96,500 

12 

Sodium  Exposure  at 

1292  F 

Ultimata 

Tamila 

Strength, 

Elongation  at  Fracture, 

_ Eli _ 

percent 

12Cr-  lMo-0.  59W-0,  31V- 

B1,000<»> 

24 

0.  42Gb 

12Cr-  IMo-O,  3W-0,  42V 

7S,500<»> 

IB 

13Cr-lMo-lSi-0,  37Cb 

95,000(N 

12 

(a)  Exposed  for  6500  hours. 

(b)  Exposed  lor  5100  hours. 


Materials 


2,2,3  Mechanical-Property  Effects 


12Cr-lMo-0.3W-0.42V 
12Cr-  lMo-0,  59W-0.  31V-0.  42Cb 
13Cr-  IMo-  1S1-0.  37Cb 


2.2.  3,  1  2-l/4Cr-lMo  Alloy;  Evaluation  of  Me¬ 
chanical  Properties  After  Sodium,  Air,  or  Helium 
Exposure  at  1 100  F(*j)51> 


Carbon  Transfer 

12Cr-  IMo-O.  59W-0.  31V-0.  42Cb  changed  from 
an  initial  carbon  concentration  of  0.  20  percent 
to  a  final  carbon  concentration  of  0,  14  per¬ 
cent  in  5100  hours, 

12Cr-  lMo-0.  3W-0.  42V  changed  from  an  initial 
carbon  concentration  of  0.  14  percent  to  a  final 
carbon  concentration  of  0.  13  percent. 

*  A  weight  loss  of  1  mg/(cm^)(month)  is  approxi¬ 
mately  equivalent  to  the  uniform  removal  of 
0.  6  mil  per  year  of  surface. 


Carbon  Transfer.  Sodium- exposed  speci¬ 
mens  lost  carbon  approximately  as  follows: 


Average  Carbon  Level,  ppm 
Low-  Oxygenla)  High-Oxygen 
Time,  hours  Sodium  Sodium 


Original 

870 

870 

2000 

550 

400 

4000 

450 

350 

6000 

350 

- 

(a)  Low-oxygen  sodium  = 

~3Q  ppm  oxygen 

High- oxygen 

sodium  = 

~300  ppm  oxygen 

High-carbon 

sodium  = 

generally,  in  the  30  to 

60-ppm-carbon  range  (saturated  or  nearly  so), 
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In  high-carbon  sodium  at  1100  F ,  specimens 
rapidly  absorbed  carbon  to  an  equilibrium  value 
of  approximately  0.  %  percent. 

Creep-Rate  Behavior.  See  Figure  2.11. 


Approximate  Cycles  to  Failure 

Cyclic  Strain, 

Sodium  (30  and 

percent 

Air  and  Helium 

300  ppm  Oxygen) 

2 

400 

2,500 

0.  6 

2000 

30,000 

Samples  exposed  to  both  helium  and  high- 
oxygen  sodium  indicated  earlier  third- stage  creep 
than  samples  exposed  to  air. 


Minimum  Creep  Rate,  %/hr 

FIGURE  2.  11.  MINIMUM  CREEP  RATE  OF 

2-l/4Cr-lMo  ALLOY  STEEL  IN 
AIR,  HELIUM,  AND  SODIUM  AT 
1100  F^U 


Tensile-Strength  Behavior.  The  tensile 
strength  of  Bodium-exposed  specimens  was  signi¬ 
ficantly  reduced  from  that  of  specimens  in  helium 
and  air.  Average  1100  F  teneile  properties 
following  400-hour  exposures  were  as  follows: 


Air 

Helium 

Sodium 
(low  oxy¬ 
gen)^) 

TenBile  Strength, 
psi 

55 , 120(b> 

38 , 550(b) 

26,150 

Offset  (0.2%) 

Yield  Strength, 
psi 

27,990 

23,700 

17,100 

Elongation, 

percent 

31 

33 

45 

(a)  Exposure  to  high-oxygen  sodium  reduced  the 
tensile  strength  to  approximately  22,000  pBi, 

(b)  The  difference  between  air  and  helium  ex¬ 
posures  was  labeled  as  "inexplicable", 


Creep- Rupture  Behavior.  See  Figure  2.  12, 

The  high-oxygen  sodium  Introduced  surface 
cracking  and  a  faster  rate  of  decarburization, 
which  might  lead  to  additional  deleterious  affects 
over  long  periods  of  time. 


& 


v> 

VI 

41 

a 

V) 


Curve 

Expntur* 

Rupture  media 

!00 

1 

2 

_  3 

None 

None 

4000  hr-  No(30  ppm  0t) 

Air  and  helium 

No  (30  ft  300 ppm  0,) 
Air  and  helium 

r  4 

4000hr-No(30  ppm  02) 

SodiumOOppm  Oj 

I  5 

4000hr-No(300ppm  0e) 

Sodium  (300  ppm  Og) 

“  6 

4000hr-No(300ppmOj) 

Helium 

10 


100 

Tim#,  hours 


FIGURE  2.  12.  CREEP  TO  RUPTURE  OF  2-l/4Cr- 
lMo  ALLOY  SPECIMENS  IN  AIR, 
HELIUM.  AND  SODIUM  AT 
1200  F<5U 


Cyclic  Strain  Behavior,  The  fatigue  life 
at  1100  F  varied  approximately  as  follows: 


2.  2,  3,  2  9Cr-lMo  Alloy;  Evaluation  of  Mechanical 
Properties  After  Decarburlzatlon  In  a  Type  316 


for  600  Hours!52) 

Carbon  Transfer.  Specimens  were  de- 

carburized  from  an  original  carbon  concentration 
of  0,  12  percent  to  less  than  0.  01  percent, 

Mechanical- 

Property  Behavior 

Temperature » 
F 

Ultimate  Strength,  psi 

Control^ 

Decarburiaod 

78 

71,200 

55, fOO 

500 

64,900 

48,900 

1100 

27,600 

22,000 

1300 

10,200 

8,130 

1400 

6,080 

4,320 

Carbon 
Content  of 

Y  leld  Strength  (0.  2% 

Decarburliced 

Temperature , 

Offset),  psi 

Control'4'  Decarburlied 

Specimen, 

F 

pe  rcent 

78 

45,300 

35,500 

0,  008 

500 

36,600 

24,550 

0,  007 

1100 

19,070 

16,330 

0.  005 

1300 

9,590 

7,800 

0.  004 

1400 

5,811) 

3,920 

0.  004 

(a)  Control  specimens  wore  given  same  thermal  history  an 
ducarburi/.ud  spoclmuna,  l.  o.  ,  fully  annealed  and 
heated  600  hours  at  1425  F, 


/ 
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l,  2,  3,  3  9Cr-  IMo  Alloy  Steel;  Recommended 
Design  Stresses  for  Sodium  Service(441 

Figure  2.  13  presents  recommended  design 
stress  curves  lor  9Cr-lMo  alloy  steel,  These 
curves  were  developed  in  a  manner  analogous  to 
those  lor  Type  316  stainless  steel,  presented  in 
Figure  2.  9  on  page  16. 


100  600  700  BOO  900  1000  1100  1200 


■ftmperature,  F 


FIGURE  2.  13,  DEVELOPED  DESIGN  STRESSES 
FOR  CROLOY  2-  1  / 4  ALLOY 
STEEL  IN  A  SODIUM  ENVIRON¬ 
MENT  AND  A  30-YEAR  LIFE<44' 


SODIUM  AND  NaK  NICKEL-  AND  COBALT- 

BASE  ALLOYS 

2.  3  NICKEL-  AND  COBALT-BASE  ALLOYS 


2,3,  1  Compatibility  -  General 

Nickel-  and  cobalt-base  alloy*  have  been 
examined  lor  sodium  and  NaK  service ,  with  em¬ 
phasis  at  temperatures  above  1200  F,  the  approxi¬ 
mate  temperature  at  which  the  uselulness  of 
austenitic  stainless  steels  may  be  limited  by 
mechanical  strength,  However,  these  materials 
have  not  been  subjected  to  the  intensive  multi¬ 
laboratory  types  of  investigation  which  are  associ¬ 
ated  with  the  stainless  steels.  The  underlying 
reason  is  that  their  resistance  to  corrosion  and 
mass  transfer  (in  the  temperature  realm  where 
their  strength  would  give  them  the  advantage) 


SODIUM  AND  NaK  NICKEL-  AND  COBALT  - 

BASE  ALLOYS 


is  insufficient  to  assure  long  trouble-free  life 
for  a  nonisothermal  system. 

Corrosion-loop  data  for  nickel-base  alloys 
are  included  in  Tables  2.  13  and  2.  14  (pump  loops), 
in  Table  2,  15  (thermal  convection  loops),  and  in 
the  section  at  the  end  of  the  discussion  (Inconel 
pump  loops  encompassing  several  variables).  It 
is  seen  that  below  1300  F,  nickel-baBe  alloys  suf¬ 
fer  very  little  corrosion  in  sodium  environments. 
Above  this  temperature,  however,  corrosion  and 
mass  transfer  in  pump-loop  experiments  occur 
in  amounts  several  times  greater  than  for  stain¬ 
less  steel  experiencing  the  same  thermal  condi¬ 
tions.  The  corrosion  is  characterized  by  the 
selective  leaching  of  nickel  and,  to  a  lesser  de¬ 
gree,  chromium.  A  typical  composition  of 
material  deposited  by  mass  transfer  of  Inconel 
is  90Ni-8Cr-0.  5Fe. 

It  is  generally  accepted  that  the  solubility 
process  dominates  the  mass-transfer  behavior  of 
nickel-base  alloys  in  flowing  nonlsotherma.1  sys¬ 
tems,  and  that  the  rate- cent  rolling  step  in  the 
process  is  the  rate  of  diffusion  of  reaction  pro¬ 
ducts  through  the  boundary  layer  at  the  hot  zones. 
These  characteristics  can  be  deduced  on  thu  basis 
of  the  particularly  distinct  pattern  of  mass-transfer 
dependency  on  temperature,  temperature  dif¬ 
ferential,  and  flow  velocity.  The  effect  of  velocity 
is  especially  well  illustrated  by  a  comparison  of 
thermal- convection- loop  data,  indicating  sparso 
mass  transfer ,  with  pump-loop  data,  Indicating 
fairly  copious  deposits,  under  similar  conditions 
of  temperature  and  time. 

Only  a  scant  amount  of  information  exists 
relative  to  carburization  of  nickel-  and  cobalt- 
base  materials  during  sodium  exposure.  The 
data  in  Tables  2.  16  and  2, 17  show  that  a  car¬ 
burizing  environment  will  result  in  carburization, 
although  generally  to  a  lesser  degree  than  for  the 
austenitic  stainless  steels.  The  conditions  under 
which  decarburization  might  occur,  however, 
are  His  clear.  On  the  one  hand,  evidence  of 
decarburization  is  reported  as  a  part  of  the  in¬ 
formation  from  the  thermal-convection-loop 
experiments  listed  in  Table  2.  15;  a  low  oxygen 
level  (<20  ppm)  was  maintained.  On  the  other 
hand,  an  Oak  Ridge  source^)  outlines  evidence 
of  decarburization  of  Inconel  by  sodium  exposure 
in  Instances  where  the  sodium  apparently  had  a 
higher- than-normal  oxygen  level.  A  link  between 
this  decarburization  and  the  oxygen  level  was 
suggested,  inasmuch  as  decarburization  of  Inconel 
was  not  observed  as  a  result  of  exposure  to 
sodium  of  higher  purity. 

The  decarburization  of  Inconel  from  the 
Oak  Ridge  Sourc  e(56> 

was  cited  as  the  reason  fur 
some  loss  of  creep  strength  of  the  specImuriH 


Tmax  =  1500  F;  AT  =  300  F;  t  =  1000  hours 


Inconel 

Incoloy 

Hastelloy  B(a) 
Hastelloy  W 


Hastelloy  X  (as  heater 
leg  with  pump  cell  of 
Inconel  and  remaining 
sections  of  Type  3l6 
stainless  steel 


1  max 


Hot-zone  attack  to  2  mils;  heavy  cold- zone  deposits  to  Id 
mils 

Almost  identical  to  that  for  Inconel 

Heavy  hot-zone  surface  pitting  to  1-1/2  mils;  slightly  more 
cold- zone  deposits  than  for  Inconel 

Hot-zone  intergranular  attack  to  1-1/2  mils;  about  17  per¬ 
cent  greater  cold-zone  deposits  than  for  Haatelloy  B 

■  1700  F;  6  T  a  650  F;  t  =  305  hours 


Hot-zone  attack;  characterized  by  large  subsurface  voids, 
to  3-1/2  mils  (Haatelloy  X);  intergranular  attack  to-  1 
mil  at  entrance  to  cooler  (Type  316  stainless  steel); 
deposits  up  to  32  mils  in  cooler;  no  observation  re¬ 
garding  interactions  among  construction  materials 


(a)  A  1300  F  peak-temperature,  Haatelloy-B  system  [t  T  «  300  F,  t  »  1000  hours)  showed  very  sparse 
mass-transfer  deposits.  The  depth  of  lntorgranular  attack  however,  was  about  the  same  as  in  the 
1500  F  system, 


TABLE  2.  14.  DATA  FOR  PUMP-LOOP  EXPERIMENTS  INVOLVING 
HAYNES  ALLOY  NO,  25  AND  NaK-56<54> 


TABLE  2.  1 5.  DATA  FOR  THERMAL-CONVECTION-LOOP  EXPERIMENTS  INVOLVING  NICKEL-  AND  COBALT-BASE  ALLOYS'  11,15,55) 


SODIUM  AND  NaK 


<16 


NICKEL-  AND  COBALT- 
BASE  ALLOYS 


TABLE  2,  It.  CARBON-PICKUP  DATA  FOR  VARIOUS  ALLOYS  AFTER  EXPOSURE 
TO  GRAPHITE  AND  SODIUM,  100  HOURS,  1500  F<u> 


Carbon  F ound 

— — 

Carbon  in 

in  3-Mil 

Depth  of 

Sodium,  ■ 

Surface 

Carburization, 

Material 

wt  % 

Layer  ,  wt  % 

mils 

Hastelloy  B 

l  1 

0.  68 

5 

•'  ;  * 

1  /  s 

0.  58 

8 

10 

1.  12 

8 

Type  310  Stainleaa  Steel 

1 

0.  39 

2 

5 

0.99 

4 

10 

1.43 

4 

Type  316  Stainleaa  Steel 

1 

0,61 

2 

5 

1.09 

4 

10 

2.  35 

4 

Type  430  Stainleaa  Steel 

1 

0.27 

4 

5 

1.  30 

10 

10 

1.47 
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TABLE  2.  17.  CARBON-PICKUP  AND  MECHANICAL-PROPERTY  DATA  FOR  VARIOUS  ALLOY  SAMPLES 
ROTATING  IN  SODIUM  (-25  FPS,  1500  HOURS,  1110  F)  OIL  VAPOR  PRESENT  IN  THE 
COVER  OAsC’7* 


After  700  Mourn  Inert 

Atmosphere  Exposure  After  1 50 (Mtour  Sodium  Exposure  at  1110  F 


Mata  rial 

_ fit 

Ultimate 

Tensile  Strength , 
psl 

mo  r 

Elongation 
at  Fracture, 
percent 

Ultimate 

Tensile  Strength, 
psl 

Elongation 
at  Fracture, 
percent 

Approximate 
ThlcknoBB 
of  Carbide 
Layer,  mils 

20Cr-(i5Nl  (Nlchrume) 

127,000 

29 

90,000 

45 

2 

20Ci'-75Ni-l  A1-1T1  (Nlmonic.) 

106,000 

40 

104,000 

35 

0 

1  6Cr-60Ni-2Al  (Nimonic) 

174,000 

1  3 

132,000 

25 

1 

Nickel 

59,000 

25 

61,000 

50 

1 

20Cr-MNl-2Si 

11 3,000 

37 

94,000 

14 

7 

IHCr-MNl-lTi 

123,000 

28 

104,000 

0.  5 

16 

1 HC  r- 1 2Ni-2Mo-lTl 

104,000 

32 

94,000 

5 

8 

Stress. 
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involved.  The  information  in  Figure  2.  14*  and 
Table  2.  15,  however,  indicates  that,  deterioration 
of  mechanical  properties  of  Inconel  owing  to 
sodium  exposure  does  not  constitute  a  problem  of 
special  significance,  as  is  the  case  for  austenitic 
stainless  steel. 


Peak  Loop 

Temperature.  F  _  Corrosion  Findings 

1000  Original  oxide  film  on  tubing 

was  undisturbed;  no  hot-y-oiiu 
attack  or  cold- zone  deposits 


FIGURE  2.  14.  DESIGN  CURVEls  FOR  AS- 

(RECEIVED  INCONEL  TESTED  IN 
1  SODIUM  AT  1300  and  1500  F<58> 


.On  the  basis  of  relative  solubilities  of 
nickel  and  cobalt  (see  Tables  2.  4  and  2.  5),  and 
assuming  that  mass  transfer  of  nickel-  and  cobalt- 
base  materials  1b  solubility  dependent,  the  con¬ 
clusion  might  be  reached  that  the  resistance  of 
the  latter  to  attack  by  sodium  or  NaK  should  be 
superior  to  that  of  the  former.  However,  the 
few  pertinent  compatibility  data  which  exist  lead 
to  the  conclusion  that  this  is  not  actually  the  case. 
Rather,  as  indicated  by  the  Haynes  Alloy  No, 
25-NaK  data  presented  in  Tables  2,  14  and  2.  15 , 
the  corrosion  and  maBs-transfer  behavior  of  the 
two  types  of  materials  appears  to  be  about  equal 
at  comparable  temperature  levels. 

2,  3. 1,  Inconel  Pump- Loop  Experiments 
Encompassing  Several  Corrosion 
Parameter  sU^ » 1 1 , 12) 


1350  Hot- zone  intergranular  attack 

to  1/2  mil;  scattered  cold- 
zone  deposits  to  3  mils 
thickness 

1500  Hot- zone  attack  to  2  mils; 

heavy  cold- zone  deposits  to 
lb  mils  thickness. 

Conclusion;  Temperature  produced  a  significant 
effect  on  corrosion, 


2.  i.  i.  2  Effect  of  Temperature  Differential 


Fluid  =  Sodium 
T  =  1500  F 

t  =  1000  hours 


Temperature 

Differential,  F  Gold- Zone  Mass  Transfer 


150 

12  mils  thick, 

5-1/2  g(a> 

300 

18  mils  thick, 

13-1/2  g 

400 

20  mils  thick, 

21  g 

(a)  Weight  of  deposit  (approximately  90  percent 
nickel  and  10  percent  chromium)  scraped 
from  wall. 


Conclusion;  Plot  of  AT  versus  weight  of  deposit 
shows  almost  linear  relation, 

2.  3.  2.3  Effect  of  Time 


Fluid  =  Sodium 
T max  =  1500  F 
AT  *  300  F 


2.  3.  2.  1  Effect  of  Temperature 

Fluid  =  Sodium 

T  =  200  or  300  F 
t  =  1000  hours 


Length  of  Run, 
hour  a 


Weight  of  Cold- Zone 
_ Deposit,  g 


500 

1000 

2000 


7 

13-1/2 

20 


*  Testing  of  Inconel  in  both  argon  and  sodium  at 
1300  and  1500  F  reveals  very  little  difference 
between  the  creep- rupture  properties  in  the 
two  environments 


Conclusion;  Rate  of  mass  transfer  between  1000 
and  2000  hours  appears  to  decrease 
somewhat  from  almost  linear  vari¬ 
ation  below  1000  hours. 
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2 .  4-  2.  2  Pi Bh olutlon  Weight  Losses 

At  740  F,  zirconium  inserts  in  NaK-78  con¬ 
taining  approximately  15  ppm  oxygen  lost  about 
0,  2  mg/cm'’-  during  500-hour  exposures. 

At  1020  F,  sparse  cold-trap  and  heat- 
exchange  deposits  were  observed!4)  in  a  sodium 
system  where  the  oxygen  level  was  maintained  in 
the  15  to  <15  ppm  range  by  cold  trapping.  This 
dissolution  effect  for  zirconium  is  illustrated  in 
Figure  2,  (  7. 


FIGURE  2,  17.  MASS  TRANSFER  OF  ZIRCONIUM 
IN  FLOWING  SODIUM  AS  A 
FUNCTION  OF  COLD-TRAP 
TEMPERATURE  (1020  F;  1000- 
HOUR  TEST)!4) 

2,4,  3.  Zirconium  and  Zirconium- Alloy 
Inserts  Exposed  to  Static  Sodium^60) 

The  oxidation  of  zirconium  and  several 
zirconium  alloys  was  investigated  at  Atomics 
International!60)  in  a  Btatic  sodium  system  with 
oxygen  concentration  of  approximately  10  ppm. 
The  materials  investigated  were: 

2 4.  3.  1  Materials 

Zirconium 
Zr-1.  5A1 
Zr-  !.  5A1-  1.  5Sn 
Zr-1.  5A1-  3Sn 
Zr-1.  5A1-1.  5Mo 
Zr-  1.  5Al-  ISn-  IMo 
Z r-  3A1 

Zr-  3AI-1.  5Sn 
Zi rcaloy- 2 

2 .  4 .  .1  ■  2  Oxidative  Weight  Gains 

The  slopes  of  log  (weight  gain)  versus  log 
(time),  which  ere  the  values  of  1/n  in  Equation 
(2),  for  these  materials  are: 
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Value  of 

1/n  at  Indicated  Temp 

1030  F 

1105  F 

1175  F 

Zirconium 

0.  45 

0.  45 

0.  46 

1.  5A1 

0.  41 

0.46 

0.  52 

1.  SA1-1.  5Sn 

0.  50 

0.  50 

0.  50 

!.  5A1- 3Sn 

0.  42 

0.46 

0.  50 

1.  5A1-1.  5Mo 

0.  41 

0.  45 

0.  49 

1.  5A1-1.  OSn- 

0.45 

0.  45 

0.  48 

1.  OMo 

3.  0A1 

0.  41 

0.  48 

0.  46 

3.  0A1-  1.  5Sn 

0.40 

0.  45 

0.  50 

Zircaioy-2 

0.41 

0.46 

0.  50 

The  rate  constants  for  the  above  materials 
are  presented  in  Figure  2.  18  and  are  based  on 
n  =  2. 

Temperature,  F 

1175  1100  1000  900  800 

10°  I1  "T"  TV-  -  >  I  -  4  -T  ~¥=—rrrr. 


U  1.2  L3  1.4  1.5  1.6 


J9.09- 

T(K ) 

FIGURE  2,  18.  OXIDATION-REACTION  RATE 
CONSTANTS  FOR  ZIRCONIUM 
AND  ZIRCONIUM  ALLOYS  IN 
SODIUM  AS  A  FUNCTION  OF 

temperature!60) 
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?  4  BERYLLIUM 
2,  5.  1  Compatibility  -  General 

Beryllium  like  zirconium,  forms  a  much 
more  stable  oxide  than  sodium*  and,  consequently, 
BeO  will  form  at  the  surface  of  a  beryllium  sample 
exposed  to  sodium  containing  oxygen.  The  re¬ 
action  occurring  is: 

Be  +  NazO  =  BeO  +  2Na.  (1) 

In  contrast  to  Zr02  films,  however,  the  BeO 
films  are  nonadherent  and  readily  dislodged  by 
flowing  sodium.  Thus,  they  are  nonprotective. 
Control  of  the  oxidation  rate  has  been  realized 
through  reductions  of  the  oxygen  level  in 
beryllium- sodium  systems  by  gettering  with 
either  calcium  or  thorium,  which  are  stronger 
oxide  formers  cnan  beryllium. 

Another  corrosion  characteristic  is  the 
migration  of  beryllium  to  other  materials  in  a 
composite  system.  While  there  is  no  evidence 
that  this  occurs  to  any  significant  degree  at 
temperatures  of  1000  F  or  lower,  it  haB  been 
noted  repeatedly  at  1200  F  and  higher  . 

2,5.2  Beryllium  Exposed  to  1000  F 
Static  Sodium*62* 


No  iute  ranular  attack  or  stress  corrosion 
was  observ  ■  the  samples  involved  in  the 
atrerr  -ru  jsts  summarized  in  Figure  2.  19. 


FIGURE  2.  19.  RUPTURE  STRENGTH  OF 

BERYLLIUM  IN  1000  F  SODIUM 
ENVIRONMENT*62* 


2.  5.  3  Beryllium  Inserts  Exposed  to 
Flowing  NaK-78  or  Sodium(61) 

2.  5.  3,  1  Corrosion  in  NaK  (Gold  Trapped  at  248  F) 


Flow  Rate,  fps 

FIGURE  2.  20.  BERYLLIUM  CORROSION  RATE 
VERSUS  NaK  VELOCITY  AND 
TEMPERATURE*6^ 

flow  rate  is  apparent;  the  latter  points  to  in¬ 
creased  spalling  of  nonadherent  oxide  with  in¬ 
creased  NaK  flow  velocity. 

2,  5.  3.  2  Corrosion  in  NaK  With  Calcium  or 
Thorium  Additions 

Calcium.  Large  quantities  of  added  calcium 
decreased  the  oxidation  of  the  beryllium  about 
in  proportion  to  the  quantity  of  added  calcium. 

In  fact,  the  following  loop  operations  produced 
beryllium  samples  exhibiting  slight  weight  gains. 

Procedure  A 

(1)  Batch  cold  trap  at  212  F,  followed 
by  standard  cold  trapping  at  248  F. 

(2)  Isolate  cold  trap  and  introduce 
calcium  (2  kilograms). 

(3)  Maintain  calcium  at  980  F  and 
beryllium  samples  at  928  F. 


Figure  2.  20  presents  values  from  250-hour 
experiments,  A  dependency  on  temperature  and 

*  For  example,  at  1000  K  (1338  F),  the 
free  ener  %y  of  formation  of  BeO  by  means 
of  Reaction  (1)  is  calculated  to  be  4  F  = 

-54,150  cal/mole. 


Procedure  B 

Same  as  above  except  4  kilograms  of 
calcium,  maintained  at  1022  F,  was 
utilized  to  protect  the  beryllium  at 
968  F. 
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Thorium.  Additions  of  thorium  were  less 
else  dive  in  reducing  uxiuanvc  cuctuoluti  ilicm 
additions  o f  calcium,  and  the  gettering  efficiency 
of  the  thorium  decreased  at  an  impractical  rate. 
Some  evidence  was  noted  of  hot-to-cold- zone 
mass  transfer  of  the  thorium. 

In  these  exposures  with  added  calcium  and 
thorium,  there  was  no  evidence  of: 

(1)  Nitriding  of  the  beryllium,  although 
nitrogen  was  utilized  as  a  cover  gas 

(2)  Reaction  between  beryllium  and  nickel 

frcm  the  stainless  steel. 

On  the  other  hand,  contrasting  results  were  ob¬ 
tained: 


hot  zone  bo  that  a  few  milB  separated  its  surfaces 

-  .'  i - -  r  *  ^nl.l/.,n^ 

11  Ulll  hUV  o  Ua  sue.  w  w*  u  *  uv.v-4  —  -  j  -  I - -  -  - - 

corrosion  results  are  listed  below. 


Loop  Material 

Hastelloy  B  Hagtelloy  B 

Temperature,  K 

uoo 

noo 

Corrosion,  mils 

Loop  material  In  hot  leg 

1 

i 

Beryllium  innert 

3 

j 

Loop  Material 

Inconel 

Inconel^*)  inconel 

Temperature,  F 

1200 

1300  1500 

Corroalon,  mile 

Loop  material  In  hot  leg 

1 

1  1 

Beryllium  inaert 

3 

6  U 

(a)  Thane  condition*  resulted  in  vary  low  concentrations 
ai  beryllium  on  the  Inconel  walls;  specifically  aboul 
b  x  10'*  mg/cm^  in  the  hot  acne ■  and  about  1  x  10'-* 
mg/cm3  in  the  cold  aonee. 


Dlilance  Between  Sodiuro-Immar eed  Equivalent  Concentration  of 

Condition!  Hastslloy  B  and  Beryllium,  mile 


(1)  In  beryllium- sodium  experiments  where 
nitriding  wub  observed  as  outlined 
below 

(2)  In  higher  temperature  dissimilar-metal 
systems  where  nickel-beryllium  inter¬ 
actions  were  observed,  as  outlined  in 
the  subsequent  section. 

2.  5.  3.  3  Corrosion  in  Sodium  With  Calcium 

Additions!^) 

Seven  types  of  hot-preaaed  beryllium  sam¬ 
ples,  from  different  sturting  powders  (virgin, 
blend,  recycling),  were  exposed  to  sodium  under 
the  following  conditions: 


2,  5,  4.  I  Intermetallic  Compound  Formation 

Compounds,  identified  as  BeNi  or  Be2lNi5, 
were  observed: 

(1)  At  beryllium-nickel  base  alloy  surfaces 
in  contact  in  the  1300  F  range;  a  reaction 
zone  nearly  20  mils  thick  occurred 
during  a  1000-hour  exposure.  Chromium 
plate  was  evaluated  as  a  barrier, 

but  Be^Cr  formation  rendered  it  im¬ 
practical. 

(2)  As  a  layer  to  about  3  mils  thick  on  the 
surface  of  the  inserts  in  the  loops 
described  above. 


(1)  47  hours  at  900  F,  followed  by  520 
hours  at  1000  F 

(2)  Flow  velocity  »  20  fps 

(3)  Low  oxygen  level  maintained  by  cold 
trapping  and  calcium  gettering  (1  per¬ 
cent  addition). 

The  specimen  weight  losses  were  less  than 
1  mg /(cm^)  (month) ,  without  evidence  of  erosion 
or  flaking;.  Black  films,  about  50  microns  in 
thickness,  appeared  on  the  sample.  The  identi¬ 
fication  made  was  BejN^.  The  source  of  mtrogen 
was  presumed  to  be  an  impurity  in  the  argon  covei 
gas  or  in  the  calcium. 

2,5,4  Beryllium  in  Multi-metallic  Loop 
-  Systems''ll 

2.  5,  4,  1  General  Corrosion 


Thermal-convection-loop  exposures  were 
conducted  with  sodium  for  1000  and  1500  hours 
each  with  a  beryllium  insert  positioned  in  the 


2.  5,  4,  3  Effect  of  Spacing 

The  distance  between  the  beryllium  and  the 
third  material  was  found  to  control  the  transfer 
of  beryllium  strongly.  Relevant  data  from  static 
experiments  are  as  follows: 


Conditioni 

Distance  between  Sodium- 
Immersed  Hastelloy  B 
and  Beryllium,  mile 

Equivalent  Concentration  of 
Beryllium  in  Haatelloy  B 
Surface,  10“ 3  maVctrr 

1200  F, 

0 

8800 

1000 

5 

6.  3 

hour* 

20 

1.06 

50 

0.  63 

100 

0.74 

Condition* 

Distance  Between  NaK-44 
Immersed  Type  304  Stain¬ 
less  Steel  and  Beryllium, 
mils 

Equivalent  Concentration  of 
Beryllium  in  Type  304 
Stainless  Steel  Surface 

10*3 

1470  F , 

2 

4950 

500 

5 

2300 

hours 

10 

800 

15 

310 

25 

l’O 

50 

x40 

/ 
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2,  6  COLUMblUM  AND  COLUMBIUM- BASE 
ALLOYS 

l.  0,  1  Compatibility  -  General 

The  behavior  of  3odium- exposed  columbium- 
and  columbium-base  alloys  has  been  found  to  be 
sensitive  to  variations  in  oxygen  level  in  the  range 
that  would  ordinarily  be  considered  as  very  low, 
i.  e.  ,  from  nominally  zero  to  as  high  as  perhaps 
30  ppm.  Both  dissolution  and  chemical  reactions 
involving  impurities  must  enter  into  columblum- 
•  odium  compatibility.'  According  to  free- energy 
data,  columbium  forms  a  more  stable  oxide  than 
sodium.  For  example,  at  1000  K  (1340  F),  the 
following  reactions  favor  the  reduction  of  NazO 
by  columbium: 

2Cb  +  4Na^O  -*■  Cb^Oj  +  8Na; 

dF  -  -32,800  cal/mole  '  ' 

2Cb  +  5Na20  Cb205  +  lONa; 

4F  -  -22,100  cal/mole 

Solubility  data  for  columbium  In  Bodium  over  the 
temperature  range  1846  to  2518  F  are  given  on 
page 

Columbium-  and  columbium- alloy  inserts 
have  been  exposed  to  sodium  and  NaK  contained 
in  third-material  (usually  an  austenitic  stainless 
steel)  systems  at  temperatures  up  to  1800  F. 

Both  static  and  loop  exposures  have  been  involved. 
Some  of  the  results  clearly  indicate  high  corrosion 
rateB,  appearing  as  specimen  weight  losses,  and 
a  sensitivity  of  these  rates  to  the  oxygen  content 
of  the  liquid  metal.  However,  others  obtained 
under  seemingly  similar  conditions  indicate  that 
the  principal  corrosion  effect  is  one  involving  the 
migration  of  interstitials  from  the  containment  to 
the  exposed  refractory  metal.  Specimen  weight 
loss  Is  not  an  identified  problem.  There  is  no 
apparent  explanation  for  this  divergent  pattern 
of  behavior. 

In  another  type  of  experiment,  selected 
columbium-base  materials  have  been  exposed 
to  boiling  sodium  at  temperatures  above  2000  F, 
These  experiments  have  featured  single-metal 
systems  totally  enclosed  In  high-vacuum  en¬ 
closures.  In  such  cases,  fairly  good  corrosion 
performance  has  baen  consistently  demonstrated. 
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2,6.  2  Static  Exposures  of  Columbium  at  it 00 
and  1800  F(47) 

Static  experiments  involving  columbium 
insertB  in  Type  316  stainless  steel  containers  are 
discussed  under  "Nitrogen  Migration  Via  Dis¬ 
similar  Metal  Mass  Transfer".  Briefly,  the 
principal  finding  was  the  transfer  of  carbon  and 
and  nitrogen  from  the  steel  to  the  refractory  metal 
in  sufficient  quantity  to  alter  the  mechanical 
properties  of  the  latter.  Pertinent  information  is 
presented  in  Table  2.  12.  The  carbon  was  confined 
to  the  surface,  but  the  nitrogen  penetrated  the 
entire  distance  across  the  40-mil-thick  inserts, 
Surface  layers  were  identified  by  X-ray  analysis 
as  CbC  and  Cb^N. 

Transfer  of  columbium  to  the  stainless  ateel 
also  occurred.  At  1700  F,  40-mll-thick  stainless 
steel  inserts  picked  up  about  0.  5  percent  columbium 
as  a  CbC  surface  layer. 

2.6.  3  Exposures  of  Columbium  andCb-lZr  in 
Sodium  and  NaK  Loops  Fabricated  of  Another 
Material^  39.65-66) 

Pertinent  data  are  listed  In  Tables  2.  18, 

2. 19,  and  2.20.  Note  that  the  first  four  listings  in 
Table  2.  18  refer  to  experiments  where  the  cor¬ 
rosion  findings  are  reported  mostly  in  terms  of 
specimen  weight  losses,  and  that  these  weight 
losses  are  related  directly  to  the  oxygen  level  in 
the  liquid  metal.  Perhaps  the  most  surprising 
evidence  from  this  group  is  the  extensive  cor¬ 
rosion  attack  of  both  columbium  and  columbium 
alloys  observed,  even  though  the  oxygen  level  in 
the  sodium  was  maintained  at  approximately  15 
ppm  by  zirconium  gettering. 

This  Utter  result  is  in  some  contrast  to 
those  obtained  from  the  experiments  referred  to 
in  the  final  three  listings  of  Table  2.  18,  These 
experiments  appear  to  have  been  conducted  with  an 
oxygen  level  possibly  slightly  higher  than  15  ppm. 
Weight  losses  are  not  reported.  Rather,  the 
findings  emphasize  interstitial  migration  and  indi¬ 
cate  that  corrosion,  per  se,  was  not  especially 
severe.  No  apparent  explanation  existB  for  this 
considerable  divergence  in  degree  of  corrosion  ob¬ 
tained  from  experimental  conditions  which  seem  to 
be  comparable,  at  least  as  far  as  the  variable  of 
oxygen  in  low  concentration  is  concerned. 


TABLE  2.  18.  DATA  FOR  EXPOSURES  INVOLVING  COLUMBIUM  OR  Cb-lZr  IN  PUMP  LOOPS  FABRICATED  OF  ANOTHER  MATERIAL 
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TABLE  2.  19.  BEHAVIOR  OF  COLUMBIUM  IN  SODIUM  OR  NaK  CIRCULATING  IN  AUSTENITIC 
STAINLESS  STEEL  PUMPING  LOOPS(4> 


Temperature, 

F 

Flow 

Velocity,  fps 

Weight  Change!3) 
mi/lcm^)  (month) 

698 

Cold  Trap  at  284  F;  NaK-78;  500-Hour  Duration 

1.  3 

-  0.9 

11.  3 

-  0.9 

761 

1.3 

-  15.7 

n.4 

-  52.1 

852 

11.  3 

-  77.7 

11.4 

-  52.  1 

932 

11.  3 

-175 

11.8 

completely  corroded 

1112 

Cold  Trap  at  257  F;  NaK-30;  336-Hour  Duration 

16.2 

-333 

29.5 

-716 

932 

Pretest  Cold  Trapping;  10  Percent  of  Flow 
Through  Magnesium  Dispenser  at 

752  F;  NaK-78;  250-Hour  Duration 

l.  3 

< 

o 

Ui 

11.5 

-  1.4 

1022 

Pretest  Cold  Trapping;  Hot  Trap  With  Titanium 
at  1202  F;  Sodium;  Approximately  300-Hour 
Duration 

30 

-  1.1 

1112 

5.5 

1 

o 

1112 

Pretest  Cold  Trapping;  Hot  Trap  With  Zirconium 
at  1112  F;  Sodium;  Approximately  200-Hour 
Duration 

30 

-  0.  6  to  63.  4 

(a)  The  uniform  removal  of  1  mil/yr  from  the  exposed  surface  is  approximately  equivalent  to  a 
weight  loss  of  2  mg/(cm^)(month). 
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SODIUM  AND  NaK 

COLUMBIUM  AND 

COLUMBIUM-BASE 

COLUMBIUM-BASE 

ALLOYS 

ALLOYS 

TABLE  2.20.  BEHAVIOR  Of  COLUMBIUM-BASE  MATERIALS  IN  1202  F  SODIUM 
CIRCULATING  IN  STAINLESS  STEEL  PUMPING  LOOPS<6C-67) 


Alloy  Composition,  weight  percent 

Weight  Change, (a)  mg/(cm2)(month) 

21 -Day  Exposures:  1  to 

5  PPM  of  NajO  in  Sodium, 

Regulated  bv  Uranium  Gettering 

Unalloyed  Cb 

-  0.  33 

Cb-1. 84Cr 

±  0.  00 

Cb-3.  21Cr 

<b  0.00 

Cb-4,  33Zr 

+  0.01 

Cb-20Ti-4.  28Cr 

+  0.  33 

Cb-5Mo 

-  0.04 

Cb-lV 

4  0.  30 

Cb-3V 

-  0.09 

Cb-5V 

-  0.  10 

7-  or  Approximately  13-Day  Exposures;  Approximately 

15  PPM  of  Oxygen  in  Sodium,  Regulated  by 

Zirconium  Gettering 

, 

Unalloyed  Cb 

-  41,  -  52 

Cb-lZr 

-136,  -364 

Cb-5Zr 

-  31,  -220 

Cb-5Mo 

-  26,  -  62 

Cb-39V-lTi  k. 

-  41,  -  93 

Cb-2.  37Cr 

-128 

Cb-10Ti-5Zr 

-  17,  -  80 

Cb-18Ti-4V 

-  50,  -  66 

Cb-10W-2.  5Zr 

-  13,  -  38 

Cb-9Mo-9Ti 

-  67,  -  73 

(a)  Double  listings  indicate  two  exposures:  one  of  stress-relieved  and  the  other 
of  recrys* illized  material, 


2,  6.  4  Exposures  of  Cb-  IZr  (and  three  other 
Cb-base  alloys)  In  Monometallic  Systems 
With  Boiling  (2000  to  2380  F)  Sodium; 
Exposures  Conducted  in  Chambers 
With  Vacuum  Levels  From  10*& 

to  10* 9  torr 

2.  6.  4,  1  Loop  Experiments  (Cb-  lZr)(69  >70) 

Table  2,  21  summarizes  results  from  loop 
systems  operated  as  indicated  above.  AH  experi¬ 
ments  Indicated  a  very  high  degree  of  compatibi¬ 
lity  of  Gb-lZr  with  sodium  under  the  operating 
conditions, 

2.  6.  4,  2  Refluxing  Capsule  Experiments 

(Cb-lZrF70'72)  * 

Table  2,  22  summarizes  data  from  various 
refluxing  capsule  exposures  of  Cb-lZr  with 
sodium  carried  out  in  the  2200  to  2300  F  range 


for  periods  up  to  8000  hours.  On  the  basis  of 
findings  such  as  these,  the  following  conclusion 
has  been  drawn: 

"In  tests  where  less  than  3000  ppm  O.J  was 
found  in  the  Cb-  IZr  capsules,  little  or  no 
corrosion  was  detected.  This  attack  was 
limited  to  a  slight  roughening  at  the  liquid- 
vapor  interface  (—0.001  inch  maximum). 
When  more  than  3000  ppm  0£  was  found 
in  Cb-lZr  capsules,  intergranular  cor¬ 
rosion  to  a  depth  of  4  mils  was  observed. 
Postweld  heat  treatment  of  2210  F  for  1 
hour  had  no  effect  on  the  corrosion  of 
Cb-lZr  containing  >2000  ppm  O^,  "(7)l 
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TABLE  2.  21.  MONOMETALLIC  LOOP  EXPOSURES  OF  Cb-lZr  WITH  BOILING  SODIUM;  HIGH  VACUUM 
(ltr6  to  i o-9  torr)  in  enclosures 


Type  of  l.oop 

Maximum 
Temperature , 

F 

Culd  Leg 
Temperature, 

F 

Duration, 

hours 

Cor  rosion  Findings 

Reference 

No. 

The  rmal 

2100 

1200 

1330 

No  corrosion  or  deposition  was  ap¬ 
parent 

70 

Thermal 

2000 

1780 

5003 

No  corrosion  after  routine  shutdown 

70 

Thormal 

2380 

1350 

1000 

The  maximum  corrosion  was  less  than 

1  mil.  Almost  no  migration  of 
interstitial  elements  occurred. 

69 

Pumping  (7-1/2- 
fpa  flow  volo- 
city) 

2065 

650 

2650 

Metallographic  examination  and  bend 
tests  indicated  no  corrosion  or  Iobb 
of  ductility  of  the  Cb-1  Zr,  The 

69 

principal  corroaion  effect  appeared 
to  be  some  minor  transfer  of  oxygen 
from  peak-temperature  to  low- 
temperature  material. 


TABLE  2.  22.  REFLUXING  CAPSULE  EXPOSURES  (UP  TO  5000  HOURS)  OF  Cb-lZr  WITH  SODIUMs 
HIGH  VACUUM  (10-6  to  10“9  TORR)  IN  ENCLOSURES 


Reference 

No. 

Tcmporuturc, 

F 

Additive 

Corrosion  Findings 

72 

2282 

None 

Specimen  weight  changes  ranging  from  +0,7  to 
-0.  1  mg/cm2  (5000-hour  exposure) 

70 

2200 

None,  75  ppm  0,(a)  300  ppm 

0,  Ta  insert  or  Mo  insert 

No  corrosion 

70 

2200  . 

150  ppm  0 

'w2-mil  tr  an  a  granular  and  intergranular  attack  in 
—  liquid  region  • 

70 

2200 

500  ppm  Ba 

'■“’3-mil  intergranular  attack  in  vapor  region 

70 

2200 

Cb  insert 

~5-mil  intergranular  attack  in  vapor  region  of 
insert 

70 

2310 

None,  500  ppm  Ca,  500  ppm 
Mg,  500  ppm  Ba,  Y,  150 
ppm  0,  600  ppm  0,  150 
ppm  C  ,  600  ppm  C 

No  corrosion 

70 

2310 

600  ppm  0 

~l-mil  transgranular  and  intergranular  attack 
at  liquid  Interface 

(a)  Oxygon  added  a»  Na^O^  in  all  cases. 


/ 
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2_.  6.  4,  3  Refluxing  Capsule  Experiments^^* 
(Cb-lOW-  lOTa,  Cb  lOW-lZr-O.  1C  ,  Cb-5W-3Zr- 
0.  1C) 

Exposures  at  2310  F  produced: 

(1)  No  corrosion  of  Cb-  10W- IZr-O.  1C 
or  of  Cb-5W-3Zr-0.  1C  after  8000 
hours 

(2)  Severe  attack  (to  as  much  as  about 
30  mils)  of  Cb-  10W-  lOTa  after 
5000  hours. 


SODIUM  AND  NaK  VANADIUM-  AND 

VANADIUM- BASE 
ALLOYS 


2,  7  VANADIUM  AND  VANADIUM-BASE 
ALLOYS 

Evaluation  of  the  corrosion  behavior  of 
sodium-exposed  vanadium  and  vanadium  alloys 
has  been  in  close  alliance  with  the  corresponding 
evaluation  of  columbium  and  columbium  alloys. 

As  a  result,  it  has  been  common  to  draw  com¬ 
parisons  between  the  performances  of  the  two 
types  of  materials.  As  might  be  expected  from 
thermodynamic  considerations,’*'  it  has  been  found 
that  the  corrosion  behavior  of  unalloyed  vanadium 
is  similar  to  that  of  unalloyed  columbium.  How¬ 
ever,  vanadium  alloys  have  demonstrated  corro¬ 
sion  resistance  superior  to  that  of  columbium 
alloys. 

Table  2.23  presents  pumping-loop  corrosion 
data  for  vanadium;  the  corresponding  data  for 
columbium  appear  in  Table  2.  19.  Each  presents 
evidence  of  high  corrosion  rates  in  cold-trapped 
circuits  and  reduced  corroBion  rates  through  the 
use  of  strong  oxygen  getters. 


*  For  example,  at  1000  K  (1340  F),  the  thermo¬ 
dynamics  of  the  following  reactions  indicate  that 
vanadium  is  capable  of  reducing  sodium  oxide 
(Na^O): 

V  +  Na^O-VO  +  2Na;  A  F  =-13,500  cal/mole  (1) 
2V  +  tNa.jO-V.jOj  +  6Na;6F=  -38,000  cal/mole  (2) 


SODIUM  AND  NaK  VANADIUM  AND 

VANADIUM- BASE 
ALLOYS 


TABLE  i.  23  BEHAVIOR  OF  VANADIUM  IN 

SODIUM  OR  NAK-78  CIRCULATING 
IN  AUSTENITIC  STAINLESS  S  TEEL 
PUMPING  LOOPS(4) 


Temperature , 
K 

Flow  Velocity,  Weight  Change,!3) 
fps  mg^cm^  (month) 

Cold  Trap  at  284  F;  500-Hour  Duration; 

NaK-78 

632 

1.8  -  8.3 

15.9  -  5.2 

742 

0.8  -  27.8 

7.  8  -  94.  2 

762 

1.88  -  54.6 

16.5  -219 

860 

0.9  -  77 

7.5  -231 

Cold  Trap  at 

248  F;  350-Hour  Duration;  NaK- 30 

1112 

5.5  -  91.2 

Pretest  Cold  Trapping!  0,  01  Percent 

Magnesium  Added:  350-Hour 

Duration)  NaK-78 

1112 

5.5  -  0.72 

Pretest  Cold  Trapping;  Hot  Trap  With  Ti- 

tanium  at  1292  F;  Sodium;  136-Hour 

Duration 

1112 

25  -  0.  19 

Pretest  Cold  Trapping;  Hot  Trap  With 

Zirconium  at  1112  F;  Sodium;  127- 

Hour  Duration 

1112 

25  -  3.  0 

(a)  The  uniform  removal  of  1  mil/yr  from  the  ex¬ 
posed  surface  is  approximately  equivalent  to  a 
loss  of  2  mg/(cm2)(month). 


Table  2.  24  presents  pumping  loop  data  for 
vanadium  alloys;  Table  2.20  is  the  columbium- 
alluy  counterpart.  A  comparison  of  results  from 
the  experiments  with  approximately  15  ppm  of 
oxygen  in  the  sodium  shows  a  substantially  better 
performance  for  the  vanadium-base  materials. 
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TANTALUM  AND 

VANADIUM-BASE 

TANTALUM-BASE 

ALLOYS 

ALLOYS 

TABLE  2.  24  BEHAVIOR  OF  VANADIUM- BASE 
MATERIALS  IN  1202  F  SODIUM 
CIRCULATING  IN  STAINLESS  STEEL 
PUMPING  LOOPS*66  >67) 


. . .  . 

Weight  Change, 

Alloy  Composition 

mg /(cm^)(  month) 

21-Day  Exposures;  1-5  PPM  of  Na^O  in 
Sodium,  Regulated  by  Uranium 
Gettering 


Unalloyed  V 
V-lOTi-lCb 
V-  10TI-  3Cb 
V-  10TI-  3Ta 
V-5Ti-20Cb 


-0.  23 
+0.  16 

+0.  26,  +0,  30<a> 
+0. 20,  +0. 37 
+0. 07,  +0.27 


9-Day  Exposures;  Approximately  15  PPM 
of  Oxygen  in  Sodium,  Reflulated 
by  Zirconium  Gettering 


V-10T1  -2.  7,  -3.  2 

V-20TI  -3.  3,  -3,  7 


(a)  Double  listings  indicate  two  exposures,  each 
specimen  in  a  different  metallurgical  condition 
(cold  rolled,  stress  relieved,  recrystallized, 
etc). 

However,  as  is  the  case  for  the  columbium-base 
materials,  there  is  distinctly  less  corrosion  of 
vanadium-base  materials  when  the  oxygen  level  of 
the  sodium  is  reduced  to  near  zero. 
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2.  d  TANTALUM  AND  TANTALUM- BASE 
ALLOYS 


FIGURE  2.  21.  EFFECTS  OF  TEMPERATURE 

AND  OXYGEN  CONTENT  OF  THE 
SODIUM  ON  ITS  ATTACK  ON 
TANTALUM* 

sodium  is  sensitive  to  the  temperature  level  and  the 
oxygen  content  of  the  sodium.  Illustrative  data  are 
presented  in  Figure  2.21.  These  data  were  obtained 
by  exposing  tantalum  (containing  about  200  ppm  of 
oxygen)  inserts  to  sodium  circulating  in  a  poly- 
thermal  pumping  loop  constructed  of  Type  316 
stainless  steel,  l7^)  Cold  trapping  and  gettering  by 
zirconium  foil  were  utilized  to  maintain  the  oxygen 
levels  indicated.  Other  observed  compatibility 
characteristics  included  the  following: 


As  might  be  expected  from  consideration  of 
thermodynamic  constants  and  solubility  information,* 
the  corrosion  behavior  of  tantalum  in  contact  with 


*  Solubility  data  for  tantalum  in  sodium  are  pre¬ 
sented  in  Table  2,  5.  Tantalum  forms  a  more 
stable  oxide  than  sodium  according  to  frec-energy 
data:  for  example,  at  1000  K  (  1  3  38  F)  for  the  re¬ 
action  2  l  a  +  5  Na^O-^Ta^Os  +  lONa,  the  free- 
energy  change  is  6F°  -56,050  cal/molc,  which 

suggests  that  tantalum  will  readily  reduce  Na^O. 


(1)  There  was  no  evidence  of  cold- zone 
mass-transfer  deposits  of  significant 
magnitude. 

(2)  Intergranular  penetration  was  not  a 
significant  mode  of  attack,  although  it 
occurred  in  specimens  fabricated  of  arc- 
cast  tubing  exposed  to  sodium  containing 
80  ppm  of  oxygen. 
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(1)  Oxygen  migrated  from  tantalum  containing 
approximately  200  ppm  oxygen  to  high- 
purity  sodium.  Final  oxygen  levels  in  the 
tantalum  were  usually  less  than  SO  ppm. 
This  behavior  could  not  have  been  pre¬ 
dicted  from  available  thermodynamic 
information*  except  for  the  case  of  very 
pure  sodium,  containing  oxygen  in  the  1 
ppm  range,  for  example. 

(4)  Exposure  to  low-oxygen  sodium  did  not 

have  a  deleterious  effect  on  the  creep 
characteristics  of  tantalum  at  1200  F. 

The  results  shown  in  Figure  2.21  are  simi¬ 
lar  to  those  obtained  in  another  tantalum- sodium 
investigation^)  where  weight  losses  for  tantalum 

(1)  Began  at  about  1075  F  and  Increased 
to  an  equivalent  of  about  8  mils /year 
at  1220  F  when  the  tantalum  was  ex¬ 
posed  to  cold-trapped  sodium 

(2)  Began  at  about  970  F  and  increased 
to  an  equivalent  of  about  0.  5  mil/year 
at  1220  F. 

There  is  a  general  dearth  of  information 
relative  to  the  performance  of  tantalum  and 
tantalum  alloys  in  sodium  at  temperatures  above 
1200  F.  One  exception  is  the  Indication  of  good 
corrosion  resistance  exhibited  by  a  tantalum  in¬ 
sert  exposed  to  2200  F  sodium  in  a  Cb-lZr  re¬ 
fluxing  capsule  experiment  operated  for  5000 
hours.  Another  involves  a  series  of  Ta-lOW  re¬ 
fluxing  capsules  exposed  with  sodium  boiling  at 
2310  F  for  160  hours,  Insert  specimens  with 
longitudal  test  welds  were  utilized.  The  material 
exhibited  generally  poor  corrosion  behavior, 
characterized  by  severe  Intergranular  penetration, 
particularly  In  weld  zones.  (70) 


*  Solubility  data  for  tantalum  in  sodium  are  pre¬ 
sented  in  Table  2.  5,  Tantalum  forms  a  more 
stable  oxide  than  sodium  according  to  free- 
cnergy  data:  for  example,  at  1000  K  (1338  F) 
for  the  reaction  2Ta  +  5Na20  — wTagOs  +  lONa, 
the  free-energy  change  is  AF°  =  -56,  050  cal / 
mole,  which  suggests  that  tantalum  will  readily 
reduce  NagO. 


2.9.  MOLYBDENUM 

Information  relative  to  the  corrosion  be¬ 
havior  of  molybdenum  in  sodium  or  NaK  is  quite 
limited  and  virtually  no  parametric  data  are 
available.  Good  corrosion  resistance  is  indicated 
by  the  fact  that  insertB  of  molybdenum  in  a  thermal- 
convection  loop  exhibited  no  attack,  pitting,  or 
intergranular  corrosion  after  exposure  to  1400  F 
NaK- 78  for  periods  up  to  3000  hours.  Also, 
there  was  no  evidence  of  corrosion  of  a  molybde¬ 
num  insert  exposed  to  2200  F  sodium  in  a  Cb-  IZr 
refluxing  capsule  experiment  operated  for  5000 
hours  (see  Table  2,  22).(70) 

An  analysis  of  the  possible  reaction  products 
between  molybdenum  and  sodium  oxide  has  led  to 
the  conclusion  that  sodium  molybdate  is  the 
probable  reaction  product.*  At  1340  F,  calculated 
free  energies  of  formation  (  uF)  are  as  follows:** 


4Na20  +  Mo“*'  Na2Mo04  +  6Na: 

A  F°o  -2  keal/g  (mole!  (1) 

2Na20  +  MoO£— *-Na2Mo04  +  2Na| 

A  F°*  -36  keal/g  (mole)  (2) 

2Na  +  2Mo02— -Na2Mo04  +  Mo; 

A  F°b  *69  kcal/g  (mole)  (3) 

Na20  +  MoOj-*-  Na2Mo04; 

AF'fa  -80  kcal/g  (mole)  (4) 

2Na  +  4/3MoC>3-»  Na2MoC>4  +  l/3Mo: 
AF°*  -106  kcal/g  (mole).  (5) 


These  findings  were  developed  in  conjunction  with 
a  study  investigating  characteristics  of  molybdenum 
rubbing  surfaces,  both  dry  and  in  contact  with 
liquid  sodium,  Tnc  data  obtained  indicated  that  the 
liquid- sodium  case  was  characterized  by  the 
presence  of  a  Na2MoC>4  film,  which  reduced 
friction,  and  that  the  film  was  continuously  re¬ 
plenished  by  reaction  with  oxygen  in  the  sodium. 


*  From  thermodynamic  considerations  (free- 
euergy  data),  metallic  molybdenum  does  not 
appear  to  be  oxidized  by  Na20  to  the  simple 
oxides  (Mo02,  MoOj,  etc.). 

**  The  free-energy  data  presented  in  Reference 
No.  74  have  been  revised,  and  the  values 
shown  are  the  new  values. 
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2.  10.  TUNGSTEN 

Tungsten,  like  molybdenum,  is  generally 
regarded  to  be  resistant  to  attack  by  sodium, 
although  there  is  even  less  evidence  on  which  to 
predicate  a  judgment.  Chemically,  tungsten  is 
similar  to  molybdenum,  and  the  thermodynamics 
are  favorable  for  the  formation  of  NagWO^  as  the 
product  of  the  reaction  between  tungsten  and  sodium 
oxide.*  For  example,  at  1340  F,  the  free-energy 
values**  are:(74) 


4Na  ;0  +  W  =  NaiW04  +  6Na; 

AF  =  -31  kcai/g  (mole) 

(1) 

Na^O  +  WO3  =  Na2W04; 

-87  kcal/g  (mole) 

(2) 

2Na  +  4/3W03  =  Na2W04  4  1/3W; 

AF^=  -106  kcal/g  (mole). 

(3) 

The  sodium  tungstate  film  (Na2W04)  was 
found<74>  to  have  frictional  characteristics  com¬ 
parable  to  those  of  the  corresponding  molybdate 
film  (Na^MoO^,  previously  mentioned. 
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2,  11  URANIUM,  THORIUM,  AND  THEIR 
'  ALLOYS 

When  exposed  to  sodium  containing  oxygen, 
both  uranium  and  thorium  will  react  with  the  Na^O 
impurity  to  form  stable  oxides  at  exposed  sur¬ 
faces.***  The  uranium  oxide  is  not  adherent,  and 
consequently  not  protective.  However,  the  thorium 
oxide  would  appear  to  be  fairly  adherent. 


*  Tungsten  does  not  appear  to  be  oxidized  by 
Tla^O  to  the  simple  oxides  (WO^,  WO3,  etc). 

**  The  free-energy  data  presented  in  Reference 
No.  74  have  been  revised,  and  the  values 
given  are  the  new  values. 

***  For  example,  at  1000  K  (1340  F),  from  the 
.thermodynamics  of  the  following  reactions, 

U  +  iNa^O  =  UO3  +  4Na; 


a  Fcl=  -87,100  cal/mole 

U) 

iU  +  BNa^O  =  U308  +  16Na; 

AF°  =  -  167,500  cal/mole 

(3) 

Th  +  2Na£0  =  ThCG  +  4Na; 

A  F1  -  *  1  15,650  cal/mole  , 

(3) 

both  uranium  and  thorium  would  be 
to  reduce  Na.O, 

expected 

SODIUM  AND  NaK  URANIUM,  THORIUM,  AND 
THEIR  ALLOYS 

The  available  exoosure  datat7^)  for  uranium 
show  somewhat  erratic  values,  but  high  specimen 
weight  losses,  indicating  that  sloughing  off  of  the 
oxide  layers  is  the  rule  rather  than  the  exception. 
Illustrative  data  for  dynamic-corrosion  situations 
are  presented  in  Table  2.  25.  In  the  case  of  the 
samples  from  the  tilting-furnace  experiments,  there 
was  evidence  of  deposition  of  constitue ntu  of  the 
Type  347  stainless  steel  containers  on  the  uranium 
samples.  It  is  not  clear  whether  this  accounted  in 
part  for  the  weight  gains  recorded  for  the  1200  and 
1250  F  peak-temperature  exposures.!7^ 

A  few  experiments  analogo  ,  to  those  referred 
to  in  Table  2.  25  have  been  conducted  with  preirradi¬ 
ated  uranium  samples.  In  these  cases,  the  progress 
of  corrosion  was  tracked  by  monitoring  the  buildup 
of  radioactivity  throughout  the  containment  system. 
Generally,  no  differences  were  observed  between 
the  corrosion  behavior  of  irradiated  and  unirradiated 
samples, 

Static  exposure  data  for  thorium  and  uranium 
samples  are  given  in  Table  2.26.  There  is  some 
indication  that  thorium  is  more  resistant  than 
uranium  to  the  oxygen  impurity  in  sodium.  The 
likelihood  of  a  difference  in  protectiveness  of  the 
oxide  films  is  brought  out  in  the  following  dis- 
cussion^7^  relating  to  the  adherence  of  oxide  films 
to  base  metals: 

"The  adherence  ....  is  governed  by,  among 
other  factors,  the  ratio  Vox/Vm: 

E  -  Vox  -  volume  per  metal  atom  in  oxide 
Vm  volume  per  atom  in  metal 

Maximum  adherence  would  be  expected  in 
systems  where  E  =  1.  For  both  UO2  and 
ThO^,  the  ratio  is  given  by 

E  -  rn°lecu^ar  weight  oxide  x 
atomic  weight  metal 

density  metal 
density  oxide 

For  ThO^,  E  is  about  1.  3;  for  UO^,  about  2, 

On  ihis  criterion,  the  oxide  of  thorium  should 
be  more  adherent  than  that  of  uranium  and 
should,  in  fact,  compare  favorably  with  such 
well-known  protective  oxides  as  AI2O3 
(E  «  1.  3  to  1.5)." 
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TABLE  2.  2L  SELECTED  CORROSION  DATA  FOR  URANIUM  EXPOSED  TO  SODIUM  OR  NaK  IN 
DYNAMIC  SYSTEMS*4  >76> 


Temperature,  Flow  Velocity  ,  Weigiit  Change, *a> 

_ F _ Iga _  _ mg/Icm^Hmonth) 

Corrosion  in  Pumping  Loopb  Cold 
Trapped  at  356  F;  NaK-78;  500 
Hoursl”H 


940 

1.  02 

-  65 

940 

l.  67 

-  90 

1075 

1.  67 

-139 

1075 

3.  21 

-222 

752  to  932 

Corrosion  in  Pumping  Loop  With  An 

Oxygen  Level  (in  Sodium)  Mostly 

Between  10  and  80  PPM  but  as  High  as 

610  PPM;  Sodium;  781  Hours,  Ac- 
cumulated  by  B-Hour-Working-Day  Increments 

a 

-616 

1250  (High) 

Corrorion  in  Tilting-Furnace 

Capsules  With  an  Oxygen  Level  (in 

Sodium)  Between  200  and  250 

PPMs  Sodium;  100  Hours*'®) 

+  34 

1050  (Low) 

1200  (High) 

- 

+  47 

980  (Low) 

1000  (High) 

- 

-  21 

752  (Low) 

1000  (High) 

- 

-  9 

752  (Low) 


(a)  A  weight  loss  of  47  mg/(cm2)(month)  is  approximately  equivalent  to  uniform  dissolution  of  1  mil / 
month, 


TABLE  2.  26.  SELECTED  CORROSION  DATA  FOR  THORIUM,  URANIUM,  AND  THEIR  ALLOYS  IN 
SODIUM  AND  NaK  IN  STATIC  SYSTEMS*75) 


Material 

Temperature, 

F 

Time, 

hours 

Oxygen  Level  in  Liquid  Metal 

Thorium 

1382 

720 

200  to  250  ppm 

+  2 

2 

Th-3  wt  %  U 

1382 

720 

Ditto 

+  1 

2 

Th-4  wt  %  U 

1382 

720 

•  I 

-40,  +3 

-12 

Thorium 

Uranium 

1132 

392 

144 

144 

Reduced  by  gettoring  with 

4  4.  5 

-  0.08 

Uranium 

1132 

144 

uranium 

Ditto 

+  3.  1 

Uranium 

761 

'  160  ■ 

ii 

4-  7 

Uranium 

745 

160 

ii 

+  1.4 

Uranium 

932 

166 

Reduced  by  gettering  with 

-  0.  1 

U-10  wt%  Pu 

662 

160 

beryllium  or  calcium 

Reduced  by  double  filtering 

-216 

U-10  wt  %  Pu 

761 

160 

Ditto 

-288 

U-60  wt  %  A1 

844 

124 

Reduced  by  gettering  with 

-30 

U-60  wt  %  Al 

932 

170 

beryllium  or  calcium 

Ditto 

4-  H 

U-60  wt  %  Al 

1220 

164 

ii 

-720 

U-69  wt  %  Al 

932 

167 

ii 

-220 
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2.  12  BRAZE  ALLOYS 

Braze  alloys  containing  copper,  silver,  and 
precious  metals  are  generally  not  useful  for 
sodium-environment  service  since  the  individual 
metals  are  readily  attacked.  It  has  been  found 
that  the  most  useful  brazes  are  nickel  with  alloying 
ingredients  such  as  silicon  and  boron.  Table  2.  2? 
summarizes  the  results  of  static  corrosion  tests 
performed  at  Oak  Ridged?)  for  several  nickel- 
base  alloys  in  sodium.  These  static  tests  were 
conducted  at  a  temperature  of  1500  F  for  100  hours. 
Several  materials  which  appeared  promising  on 
the  basis  of  these  static  tests  (together  with  others 
thought  to  hold  promise)  were  investigated  more 
extensively  in  seesaw  furnace  experiments,  in 
which  sodium  was  circulated  for  100  hours  at  a 
hot- zone  temperature  of  1500  F  and  a  cold- zone 
temperature  of  1100  F.  Since  the  seesaw  tests 
provided  a  more  rigorous  means  of  evaluating 
corrosion  data,  no  brazing  alloy  which  had  poor 
corrosion  resistance  to  sodium  in  the  static  teat 
was  seesaw  tested.  The  results  of  these  seesaw 
furnace  experiments  are  shown  in  Table  2.  28  and 
indicate  several  promising  brazing  alloys  for 
short-time  Bodium  service. 

In  recent  experiments  at  Atomics  lnterna- 
tional,<78>  several  nickel-base  brazing  alloys  were 
tested  in  a  liquid- sodium  thermal-convection,  loop 
for  periods  up  to  10,000  hours  at  temperatures 
of  1200  and  700  F.  Table  2.  29  indicates  the  alloys 
tested  and  pertinent  test  conditions.  On  the  basis 
of  gross  weight  changes  and  photomicrographic 
examinations  of  the  exposed  brazing-alloy  speci¬ 
mens,  the  authors  concluded  that  Nl-Cr-Si-B 
(CM53)  and  Ni-Si- B(CM52)  were  the  most  re¬ 
sistant  to  sodium  attack.  Ni-Cr-Si(CM60)  was 
judged  to  be  suitable  for  only  ehort-term  use 
(less  than  1500  hours)  or  lower  temperature 
(below  700  F)  applications.  Also  CM59  and  Nico- 
braz  135  were  shown  to  have  good  resistance  to 
sodium  attack  up  to  a  5000-hour  exposure  at 
1200  F.  However,  CM1700N  and  CM1700CN  did 
undergo  deleterious  attack  at  700  F  after  the  5000- 
hour  exposure.  Between  the  latter  two,  CM1700N 
appeared  to  be  superior. 
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2.  13  GRAPHITE 

Graphite  has  been  employed  as  the  moderat¬ 
ing  medium  in  liquid-metal-cooled  thermal  re¬ 
actors  such  as  the  sodium  reactor  experiment 
and  the  Hallam  Nuclear  Power  Facility.  Un¬ 
fortunately  its  corrosion  resistance  to  sodium 
can  hardly  be  considered  as  anything  but  poor. 
Thus,  any  graphite  used  in  a  sodium  system,  must 
be  kept  from  direct  contact  with  the  sodium.  (79,80) 


Numerous  investigations  have  been  conducted 
in  an  attempt  to  explain  the  action  of  liquid  sodium 
on  graphite  at  elevated  temperatures.  Many  of  the 
earlier  works  have  been  reviewed  by  Carniglia.  ^  ^ 
The  effects  observed  have  included  swelling  or 
dilation,  cracking  or  spalling,  and  corrosion  and 
mass  transfer  at  temperatures  above  1200  F. 
High-density  carbon- impregnated  graphites,  as 
well  as  the  normal  commercial  grades,  have  not 
been  immune  to  these  deleterious  effects,  and 
exhibit  the  same  poor  corrosion  resistance. 

Liquid  sodium  readily  wets  graphite,  ultimately 
soaking  into  the  pores  and  being  rather  uniformly 
distributed  throughout  the  capillary  space  available. 
Coultas  and  Cygan(8l)  studied  this  capillarity  or 
•'sponge"  effect,  by  immersing  a  graphite  rod  in  a 
reservoir  of  sodium  within  an  evacuated  chamber. 
The  results  of  this  study,  Figure  2.  22,  indicated 
that  roughly  60  percent  of  the  connected  voids  were 
filled  by  liquid  at  842  F,  and  100  percent  at  1022  F, 
Carbon  impregnation  of  the  graphite  did  little  to 
alleviate  the  situation.  In  similar  experiments, 
Greening  and  Davis(®2)  observed  that  68  percent 
of  the  connected  voids  were  filled  at  1202  F,  and 
Collina^®^  found  90  percent  impregnation  at 
1355  F. 

This  uptake  of  sodium  is  accompanied  by  an 
anisotropic  dilation  or  swelling  of  the  graphite. 
Greening  and  Davis(82)  measured  this  dilation  as 
a  function  of  temperature  from  302  to  1202  F. 

Figure  2.23  shows  their  curves,  which  were  cor¬ 
rected  for  normal  thermal  expansion.  It  is 
interesting  to  note  that  the  addition  of  1  percent 
potassium  greatly  aggravates  the  situation.  Gill*84' 
conducted  a  series  of  static  capsule  experiments  on 
the  dilating  effect  of  graphite  by  employing  graphite 
samples  ranging  in  density  from  1.  6  to  1.  89.  His 
results,  Table  2.  30  indicate  linear  dilations  of  the 
order  of  1  percent,  decreasing  somewhat  with  in¬ 
creasing  density  in  times  up  to  100  hours  at  950  F. 
The  greater  degree  of  expansion  perpendicular  to 
the  axiB  of  extrusion  sterns  from  the  anisotropy  of 
the  graphite.  Table  2,  31  shows  the  dilation  of  TSP 
graphite  parallel  to  the  extrusion  axis  as  a  function 
of  exposure  time  and  temperature,  It  is  seen  that 
the  dilation  does  not  vary  markedly  with  exposure 
time  (500  to  2000  hours)  or  temperature  (950  to 
1200  F).  Gill  further  observed  that  in  lome  cases, 
decrepitation  and  disintegration  (loss  of  strength) 
occurred  in  the  graphite  owing  to  the  dilation. 

Some  investigators  attribute  the  dilation  and 
disintegration  of  graphite  to  the  formation  of  inter- 
lamellar  compounds  between  the  graphite  and 
sodium.  (79,84)  u  (8  wen  known  that  potassium, 
rubidium,  and  cesium  form  interlamellar  com¬ 
pounds  with  graphite,  although  early  experimental 
and  theoretical  work  indicated  that  sodium  could 
not  participate  in  reactions  of  thiB  type. 

However,  later  work  at  Harwell(8^  provided 
evidence  for  the  existence  of  at  least  one  Inter¬ 
lamellar  compound  of  sodium,  namely,  C^Na. 
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TABLE  2.  27.  SUMMARY  OF  RESULTS  OF  100-HOUR  STATIC  CORROSION  TESTS  AT  1500  F  FOR 
NICKEL  BASE  BRAZING  ALLOYS*77* 


Good  Corrosion  Resistance 

General  Electric  No.  81 

Ni-16Si-6Mn 

Coast  Metals  No.  52 

Ni-1  3Si 

Ni  -lOP-lOCr 

Hi-1  OP- 1  3Cr 

Nicrobraz 

Ni-6Si-30Mn 

Ni-23Ge 

Ni-9F-llW 

Ni-25Mo-25Ge 

Ni-lOSi- 1 3Cr-19F  e-3Mo 

Ni-25Ge-10Cr 

Ni-5P-6Si 

Ni-9Si-18Cr 

NI-3P-9S1 

Ni-10Si-8Mn 

Ni-8P-  3bi 

Poor  Corrosion  Resistance  (>  5  Mils  Attack  or  Other  Deterioration) 

Ni~60Mn 

Ni-9P-l5Fe-5Cr 

Ni-55Mn-10Cr 

Ni-1  lP-9Si 

Ni-32Sn 

Ni-10P-4Mo 

Ni-57Mn-3Cr 

N1-12P 

Ni-23P 

Ni-I  lP-8Mn 

Mn-10P-2Cr 

Ni-10P-4Mo 

Ni-12P 

Ni-llP-8Mn 

Ni-IOP-llFe 

TABLE  2.  28.  BRAZING  ALLOYS  ON  INCONEL  T-JOINTS  SEESAW  TESTED  IN  SODIUM  FOR  ICO  HOURS 

AT  A  HOT- 

ZONE  TEMPERATURE  OF  1500  F  AND  A  COLD-ZONE  TEMPERATURE  OF 

1000  F<77> 

Brazing  Alloy  Composition 

Weight  Chang 

e  (for  Braze 

(In  Order  of  Decreasing 

and  Base  Material) , 

Corrosion  Resistance) 

Gram 

Percent  Metatlographic  Notes 

Coast  Metals  No,  52 

-0. 0011 

-0.073  No  attack  along  surface  of  braze  fillet 

Coast  Metals  No.  53 

-0.  0009 

-0.071  1-mil  erratic  attack  along  surface  of 

braze  fillet 

Low-melting  Nicrobraz 

-0.0007 

-0.  051  Subsurface  voids  to  a  maximum  depth 

of  1,  5  mils  along  surface  of  braze 
fillet 

Coast  Metals  No,  50 

-0.  0012 

-0.  077  l  to  5-mil  very  erratic  attack  along 

fillet 

Ni-1 3Ge-l  lCr-6Li 

-0,  0023 

-0.  139  Nonuniform  attack  along  surface  of 

braze  fillet  to  a  depth  of  2,  5  mils 

Coast  Metals  Np 

-0.  0069 

-0.  622  2,  5-mil  uniform  attack  along  surface 

of  braze  fillet 

Nicrobraz 

0.  0 

0,  0  Very  erratic  stringer  attack  to  a  max- 

imum  depth  of  4  mils  along  surface 
of  braze  fillet 

Nl-25Go-10Cr 

-0.  0019 

-0.  113  Intermittent  surface  attack  to  a  mux- 

imum  depth  of  4  mils  along  braze 
fillet 
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TABLE  2.  29.  EXPERIMENTAL  BRAZING  ALLOY  DATA  FOR  SODIUM  THERMAL  LOOP  EXPERIMENTS*78) 


Brazing  Alloy  Designation 

Exposure 

Conditions 

Experiment 

Trade 

Designation 

Nominal  Composition^  wt  % 

Temperature , 

F 

Temperature, 

F 

Tirttb , 
hpirrs 

A 

CM52 

4.  50Si  -  0.  06C-  \ 

2.  90B ,  Ni  bal  \ 

1900 

700  and  1200 

10,000 

B 

CM52  Special 

4.  5 OSi  -  20.  OOCo-  '■ 

3.  30B,  Ni  bal 

1900 

1200 

5,000 

C 

CM53 

4.  50Si  -  3.  OOF e  -  7.  OOCr- 
2.  90B,  Ni  bal  \ 

1900 

700  and  1200 

10,000 

D 

CM60 

lO.OOSi  -  3.  OQFe-  \ 

20.00Cr,  Ni  bal  \ 

2150 

700  and  1200 

10,000 

E 

CM59 

4.  33Si  -  3.  30B  -  0.  69Ti-  \ 
l,40Fe  -  0.  11C,  Ni  bal  \ 

2000 

1200 

5,000 

F 

Nicrobraz  135 

3.  OOSi  -  1.  OOB-  \ 

0.  06C ,  Ni  bal 

2000 

1200 

5,000 

G 

CM1700  CN 

,63.0000  -  10.  OOCo- 
22,  OOMn  -  5.00N1 

\  1700 

\ 

700 

5,000 

H 

CM1700  N 

67.  50Cu  -  9.  OONi- 
23.  OOMn 

\  1700 

700 

5,000 

\ 

\ 

\ 

\ 
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FIGURE  2.22  SODIUM  ABSORPTION  BY 

GRAPHITE  CAPILLARY  EFFECT*81) 
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Temperoture,  F 

FIGURE  2.  23.  DILATION  OF  TSP  GRADE 

GRAPHITE  DUE  TO  ABSORPTION 
OF  SODIUM*®^) 
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TAELr.  2.  30.  DILAiICN  Or  CnAi-HiiE  IIn  950  a  oGi-fiu tvi  Air  iEa  100  riOuna'"^' 


Graphite  Type 

Density,  g/cm^ 

Dilation  Parallel 
to  Extrusion  Axis, 
percent 

Dilation  Perpendicular 
to  Extrusion  Axis, 
percent 

SA25 

1.  60 

1.40 

1.46 

TSP 

1.70 

0.82 

1.00 

CCN 

1. 89 

0.60 

0.  84 

TABLE  2.  31.  DILATION  OF  TSP  GRAPHITE  PARALLEL  TO  EXTRUSION  AXIS(84) 


Temperature,  Dilation,  Percent,  After  Indicated  Exposure  Time 


F 

200  Hours 

5000  Hours 

1000  Hours 

2000  Hours 

950 

m 

0.75 

0.  69 

0.65 

1000 

- 

(a) 

0.  70 

0.  60 

1050 

- 

1.  04 

0.  82 

0.62 

1100 

- 

0.99 

0.70 

0.73 

1150  . 

0.92 

1. 19 

- 

0.74 

1200 

- 

0.90 

(a) 

(a) 

(a)  No  measurement  made. 


The  structure  of  this  material  was  determined  by 
means  of  X-ray  diffraction  and  is  shown  in 
Figure  2,24.  In  this  interesting  compound,  the 


sodium- metal  atoms  are  located  between  the  plane 
sheets  of  carbon  atoms  which  comprise  the  graphite 
structure,  The  sodium  has  penetrated  into  every 


FIGURE  2.  24.  TOP  AND  SIDE  VIEWS  OF  THE  SODIUM-GRAPHITE  COMPOUND  Na64C 
AS  DEDUCED  FROM  X-RAY  DIFFRACTION  MEASUREMENTS  BY 
R,  C.  ASHER(h6) 
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eighth  interplanar  gap  and  exists  in  a  ratio  of  64 
r-arhnn  atnm*  to  I  sodium  atom.  At  the  sodium- 
carbon  gap  position,  the  interplanar  spacing  has 
increased  from  3,  35  A  to  about  4.  6  A  in  the  com¬ 
pound.  It  is  postulated(^9)  that  the  sodium  atom 
is  too  large  to  be  comfortably  accommodated  in  the 
graphite  structure  and  tends  to  distort  the  graphite. 
Hence,  this  distortion  and  the  resulting  stresses 
are  what  cause  the  material  to  disintegrate. 

Radiation  may  also  contribute  appreciably 
to  the  dilation  and  swelling  of  graphite  in  liquid 
sodium  and  appears  to  have  contributed  to  the 
severe  distortion  following  moderator  sheath 
failures  in  the  Hallarn  reactor,  Atomics 
International  found  that  graphite  absorbed  sodium 
up  to  30  percent  in  volume  upon  exposure  to  re¬ 
actor  neutron  fluxes. 
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3,  14  CERMETS  AND  CERAMIC  MATERIALS 

The  resistance  of  cermet  and  ceramic 
materials  to  sodium  and  NaK  has  been  investigated 
to  some  extent,  inasmuch  as  these  materials  are 
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potentially  useful  for  specialty  applications  such 
as  bearine  surfaces  in  Dractical  flow  systems. 

In  the  case  of  cermets,  emphasis  has  been  placed 
on  evaluation  of  the  commercially  available 
cemented  carbide  materials,  and  many  of  these 
have  been  found  to  be  stable  in  high-temperature 
exposures,  as  demonstrated  by  the  information 
in  Table  3.  33.  However,  as  indicated  in  Table 
3.  33  subtle  changes  in  surface  quality  can  occur 
even  for  materials  which  resist  gross  attack  very 
well.  In  applications  where  surface  integrity  is 
essential,  these  microscopic  surface  changes 
may  limit  reliability  and  long  life. 

Ceramics  exposed  to  sodium  or  NaK  resist 
attack,  usually  In  accordance  with  their  stability 
predicted  on  the  basis  of  thermodynamic  data, 
their  purity,  and  their  freedom  from  porosity. 

For  the  most  part,  the  exposure  data  presented 
in  Table  3.  34  substantiate  these  generalizations. 
Exceptions  of  some  interest  include  Sm^Oj  in 
particular,  and  Si3N4  which  appeared  to  possess 
resistance  to  attack  although  quite  porous. 

A  set  of  pertinent  data  for  lower-temperature 
exposures  is  presented  in  Table  3.  35. 


TABLE  i,  32.  CORROSION  RESISTANCE  OF  CERMETS  TO  SODIUM  AND  N»K*88«B91 


Exposure  to  1500  F  Static  Sodium  or  to  Sodium  in 
Tilting '■Furnace  Equipment  Wherw  T^igh  *  1500  F 
and  T^jOW«  1100  Ft  Each  Involve*  a  100-Hour 
RKPOimre(ttH) 


Expo*uru  to  NaK-BO  (or  168  Hour*  in  Tilting 
Furnace  Equipment  Whore  Tt»,„K  ■  1600  F  and 
TLow  ■  U00  F<89>  H1«h 


Cermet*  Showlftu  No  Obnervablo  Attack 
and  Very  Slight  Weight  Lo*ac» 


WC-6  wt%  Co  (Carboloy  44A)(“> 

WC-9  Co  (Carboloy  779)<»> 

WC-lt  wt?.  Co  (Carboloy  S5A)<“) 

WC-20  wl?,  TaC-6  wt?,  Co  (Carboloy  907)W 
TtC-10  wt?.  CbC-IU  wt%  N1  (K-15UA)(°> 

TIC-IO  wrt  CbC-20  N1  |K-151A)<h> 

TiC-b  wl %  CbC-30  wt %  Ni  (K-152B)(b) 

TiC-6  wt?.  CbC-5  wt%  Mo-25  wt?,  Nl  (K-162B)(b> 
Cr^C  t-20  wt?.  WC-15  wt?«  Nl  (Carboloy  60B)W 


WC-4  wt%  Co  (K-8) 

WC-12  wt?.  Co  (K— 94) 

WG-12  wt ’h  Ni 
TtC-20  wt%  Co  (K-138) 

TIC-20  wt?.  Ni  (K-151) 

TIC-20  wt?.  F« 

TiC-15  wt?.  CbC-5  wt%  Co  (K-I  39A) 

TIC- 15  wt  ft  CbC-20  wt?.  Co  (K-I3BA) 

TIC-10  wt  ?.  CbC-10  wt?.  Ni  (K-I50A) 

TIC-10  wt%  CbC-20  wt?.  Nl  (K-151A) 

TiC-6  wt?.  CbC-30  wt?.  Nl  (K-152B) 

TIC-6  wt?.  CbC.-40  wt?.  Nl  (K-153B) 

TIC-6  wt?.  CbC-5  wt?.  Mo-25  wt?.  Nl  (K-162B) 
Cr  jC^-20  wt?,  WC-15  wt?.  Nl  (Carboloy  608) 
Mu,C-4  wt%  Nl 


SICS, 0>) 


Cermet*  Showing  Significant 
Degree*  o(  Attack 

Md^C-1  Z  wt%  Co 
MuSljj-lii  wtfo  Co 
wt%  Nl 


(,i)  St .1  tiu  tent, 

(Ij)  Tilt  ing-turiwu e  tent.  In  thm  li-sl,  a  n  ample  of  te*t  material  in  confined  to  one  end  of  a  ■  call'd  tube 
part i.illy  limit'd  With  liquid  metal.  The  tube  in  rucked  in  »uih  u  way  that  the  fluid  flow*  back  and 
lorth  over  the  H.imple,  whit  h  m  maintained  at  a  temperature  higher  than  that  at  the  opponlle  imd. 
Tlujt*,  a*  I  In1  1 1  vi  id  move*,  it  undergoe*  <i  temperature  tytle. 
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SODIUM  AND  NaK  CERMETS  AND 

CERAMIC  MATERIALS 

TABLE  2.  33.  SURFACE-ROUGHNESS  DATA  FOR  SELECTED  MATERIALS  EXPOSED  TO  NaK-50  FOR 
158  HOURS  IN  1600  F  PEAK-TEMPERATURE  TILTING-FURNACE  EXPERIMENTS!89) 


Average  Surface  Roughness 

(Profi  to  meter) , 

micro  ini' he  a, 

rms 

Material 

Before  Exposure 

After  Exposure 

WG 

1-1/2,  1 

2-1/4,  3 

TiC 

1,  1/2 

3-1/2,  1 

WC-12  wt%  Co  IK-94) 

3,  4 

6,  6 

WC-12  wt%  Ni 

5,  5 

12,  12 

TiC- 15  wt%  GbC-5  wt%  Co  {K- 1 39 A) 

5,  b 

6,7 

TiC- 15  wt-ft  CbC-5  wt %  Co  (K-138A) 

6,  5 

7,  6 

TiC-6  wt%  CbC-5  wt%  Mo-25  wt%  Ni  (K-I62B) 

7,  7 

6,  6 

TiC-6  wt%  CbC-30  wt%  Ni  (K-152B) 

4 

9 

TiC-6  wl%  CbC-40  wt%  Ni  (K-151B) 

5.  4 

20,  10 

TABLE  2.  34.  CORROSION  RESISTANCE  07  CERAMICS  TO  SODIUM  AND  NaK*88’89* 


Exposure  to  NaK-50  for  168  Hours  in  Tilting- 
Furnace  Equipment  Where  THlah  =  1600  F  and 
Exposure  to  1500  F  Static  Sodium  for  100  Hourst88'  T,  s  1200  f(®9) 

Ceramics  Showing  No  Observable  Attack 

And  Very  Slight  Weight  Losses 

Cr3C  <98.7)<a> 

CbC  (<1)U> 

TIC  (97.4) 

TiC  (<1) 

ZrC  (100) 

WC(<3) 

A12Oj  (single  crystal)  (100) 

BeO  (<1) 

BeO  (96) 

MgO  (single  crystal)  (100) 

Mg2A104  (single  crystal)  (100) 

Sm203  (79) 

-49.  5  Sm20  3-27  Gd203-balance:  other  rare- 
earth  oxides  (90) 

ZrB  2 

Ceramics  Showing  Relatively  Little  Attack  But 

Enough  to  Distinguish  Them  From  Materials  in 
the  Category  Indicated  Above 

B4C  (80-90) 

TIN  (<3) 

SIC 

Th02  (75-80) 

Si3N4  (67.7) 

MoSi2 

TiB2(2) 

Ceramics  Showing  Significant 

Degrees  of  Attack 

Zr02  (Ca-stabilized) 

B4C  (0.  5) 

BN  (60-98) 

B4C-20  wt%  ZrB2  (0.  4) 

Mo2C  (8) 

TIN 

SiC-Sl  (0.  3) 

ZrC  (<1) 

Ta205  (2) 

Th02  (<2) 

U02  (2) 

ZrB?.  (0.7) 

CaF2  (1) 

MoSl»  (<1) 

MoS2  (19) 

CcS  (19) 

(a)  In  the  left  column  the  number  a  in  parenthesis  refer  to  percent  of  theoretical  density;  in  the  right 
column,  the  corresponding  numbers  refer  to  apparent  porosity  in  percent. 
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TABLE  2.  35.  RESISTANCE  OF  SELECTED  CERAMICS  AND  CERMETS  TO  ATTACK  BY  AGED  AND 
FILTERED  SODIUM<90) 


Mole  Compositions, 
Except  as  Indicated 

Corrosion  Rate, 
mK/(cm2)(month) 

9  32  F  1382  F 

Absorption, 

percent 

Density, 

_ 8/cc _  ! 

Ceramics 

Artificial  periclase  crystal 

-0.4 

-  0.25 

BeO 

0.  14 

Stabilised  2rO 

2.7 

IBeO  :  IAI2O3 

0,0003 

0. 18 

lMgO  :4Zr02 

-0.091 

-14.6 

0.01 

1  MgO  :  8BeO  ;  1A1203 

-0.44 

-  1.6 

0.03 

76BeO  1  4A1203:  20ZrO2 

-0.  64 

0.  54 

0.01 

(+2  wt%  CaO) 

3MgO  :  90BeO  i  lZr02 

-0.68 

-  0.96 

0,03 

I; 

Hot-pressed  synthetic  mica 

Disintegrated 

2.74 

TIN 

Spalled 

2.  39 

CaZr03 

t  28.7 

4.  28 

CdO 

Missing 

5.  33 

ZnO 

Missing 

2.  33 

J 

Be2C  (swelled  due  to  hydra- 

4.5 

tion  after  test) 

1 

MoSi2 

Missing 

6.  10 

Cermets 

J 

K-138  (Co-bonded  TiC 

-0.  275 

! 

K-138A  (Co-bonded  CbC) 

-0.225 

i 

K-L7  (Co-bonded  WC) 

-0.  15 

-  0.  1 

1 

< 

K-152  (Ni-bondcd  TiC) 

-0.  15 

-  1.77 

K-152B  (Ni-bondcd  CbC) 

-0.05 

-  1.6 

j 

100  percent  TiC 

-0.  025 

-  0,22 

i 

< 

1 
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3.  POTASSIUM 

3,  1  COLUMBIUM  ALLOYS 
3.  1,  l  Compatibility  -  General 

Pure  columbium  has  excellent  resistance 
to  attack  at  elevated  temperatures  by  high-purity 
potassium  liquid  and  vapor.  However,  its  cor¬ 
rosion  resistance  is  reduced  as  the  amount  of 
oxygen  impurity  in  the  columbium,  the  potassium, 
or  the  atmosphere  is  increased.  Alloying  colum- 
biurn  with  a  small  percentage  oi  some  strong 
oxygen  getter  like  zirconium  or  hafnium  decreases 
its  sensitivity  to  oxygen  contamination.  The  solid- 
s  olution  addition  of  a  refractory  metal  like  tungsten 
or  molybdenum  to  a  "gettered"  columbium  alloy 
improves  its  high- temperature  strength  without 
hurting  its  resistance  to  corrosion  by  potassium. 

The  solubility  of  columbium  in  potassium 
has  been  found!?! ,92 ,93c)  to  be  rather  limited 
{<30  ppm)  and  to  vary  only  slowly  with  tempera¬ 
ture  up  to  about  2400  F  (see  Table  3.  1).  The 
weight  changes ,  surface  roughening,  mass  transfer, 
and  grain-boundary  attack  which  have  been  observed 
in  assorted  corrosion  tests  on  columbium  and  its 
alloys  are  generally  attributable  to  impurity  effects 
and  to  dissimilar  materials  in  the  systems. 


Theories  of  corrosion  of  columbium  alloys  by 
potassium  generally  start  with  oxygen  either  in 
solution  in  the  metal  or  in  the  potassium,  or  else 
in  the  form  of  an  adsorbed  gas  or  an  oxide  film  on 
the  solid-metal  walls.  !^4)  In  ungettered  alloys 
and  in  gettered  alloyB  with  high  oxygen  contamina¬ 
tion,  this  oxygen  combines  with  the  potassium  and 
constituents  of  the  columbium  alloy  to  form  stable 
complex  oxides,  which  may  go  into  solution  In  the 
potassium.  In  two-phaBe  systems,  the  distilled 
potassium  can  pick  up  oxygen  from  the  walls  in  the 
condensing  region  and  give  it  up  to  the  walls  in 
liquid  zones.  This  leaves  the  metal  surface  rough 
or  etched,  particularly  in  the  condensing  region. 

In  some  casea,  interstitials  concentrated  at  grain 
boundaries  are  leached  out,  leaving  evidences  of 
grain-boundary  penetration.  The  extent  of  de¬ 
gradation  depends  on  time,  temperature,  and 
whether  or  not  a  continuing  source  of  oxygen  (e.  g.  , 
from  the  test  environment)  is  present. 

Corrosion  experiments  on  columbium  alloys 
tend  to  substantiate  such  theories.  For  example, 
several  laboratories!?!  ,94,95)  have  identified 
KCb03,  Cb02,  and  Cb  in  the  corrosion-product 
layers  on  the  walls  after  heating  potassium  in  a 
columbium  capsule  at  1500  F  or  above,  with 


TABLE  3.  1.  SOLUBILITY  OF  TRANSITION  METALS  IN  POTASIUM(?3c) 


(Solution  equilibrated,  centrifuged,  and  collected  In 
tungsten-lined  cup,  ) 


Solute 

Element 

Equilibration 
Temperature,  F 

Oxygen  in 

Starting  K,(a)  ppm 

Solubility,  W 

_ EES? _ 

Cb 

2065 

23 

10 

2235 

23 

l9(c) 

2275 

10 

n<d> 

Ta 

2065 

23 

17 

2235 

23 

15 

2275 

10 

139<c> 

2425 

23 

U<c) 

Fe 

1700 

10 

452 

1830 

10 

500 

Ni 

1700 

10 

j(d) 

1830 

10 

4 

Tt 

1830 

10 

g2(d) 

Lx 

18  30 

10 

noW) 

(a)  By  the  vacuum  mercury-amalgamation  method, 

(b)  Values  obtained  with  10-ppm  oxygen  potassium  were  for  equilibrated  and  centrifuged  longer, 
and  are  considered  more  reliable  than  thosu  obtained  with  23  ppm  oxygen. 

(c)  Average  of  two  determinations, 

(d)  Average  of  three  determinations. 
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purposely  high  oxygen  contamination  present. 
Refluxing  capsule  testa  have  shown  oxygen  to  be 
depleted  from  the  condensing- zone  walls  and  con¬ 
centrated  in  the  liquid-zone  walls.  Gettered 
columbium  alioye  have  been  exposed  for  thousands 
of  hours  in  boiling-potassium  capsules  and  loops 
under  clean  conditions  at  temperatures  of  2000  F 
and  above  with  only  minor  corrosive  attack. 

3,  1.1,  Cb-lZr  in  Monometallic  Systems 

Workers  at  NASA-Lewis  observed  solution, 
intergranular  attack,  and  mass-transfer  deposits 
in  Cb-  IZr  refluxing  capsules  containing  purified 
potasBiurn  at  1800  and  2200  F  (Table  3.  Z).  <96) 

These  results  are  not  typical  of  the  behavior  of 
other  gettered  columbium  alloys,  nor  are  they 
duplicated  by  Cb-lZr  performance  in  low-oxygen 
potassium  systems  at  other  sites.  The  investiga¬ 
tors  suspect  that  the  corrosion  was  the  result  of 
inward  diffusion  of  residual  oxygen  during  a  brief 
period  early  in  the  exposures  when  the  pressure 
In  the  vacuum  chamber  increased  from  10"1*  to 
--10*-*  torr. 

Cb-lZr  capsules  with  Cb-lZr  tab  inserts, 
tested  by  General  Electric  for  5,000  hours  with 
2000  F  refluxing  potassium,  showed  only  a  small 
amount  of  general  corrosion  in  the  form  of  stains, 
slight  increase  in  hardness  in  the  vapor  region, 
some  polishing  above  the  liquid  zone,  and  in¬ 
significant  dimensional  and  weight  changes,  ^  >98a) 
A  similar  capsule  tested  for  10,000  hours  showed, 
in  addition,  some  fine  black  deposits  and  gold 
discoloration  on  the  walls  between  the  primary 
condensing  zone  and  the  liquid  zone.  These 
capsules  had  been  fabricated  by  rolling  60-mil 
sheet  and  TIG  welding  the  axial  seam  and  end  caps, 
then  homogenizing  the  welds  for  1  hour  at  2200  F. 
Posttest  metallography  of  the  5000-hour  capsule 
welds  showed  large  grains  containing  a  fine  pre¬ 
cipitate,  but  no  corrosive  attack.  However,  an 
earlier  Cb-lZr  capsule,  which  had  been  operated 
with  unstable  boiling  for  1000  hours  at  2000  F, 
suffered  grain-boundary  attack  (maximum,  over 
10  mils  deep)  in  a  few  selected  grain  boundaries 
in  the  weldments  submerged  in  liquid  potas¬ 
sium,  (98a)  It  was  conjectured  that  this  nonre- 
producible  attack  was  associated  with  vapor- 
nucleatiun  sites. 

Similar  attack  in  the  heat-affected  zone  of 
an  incomplete-penetration  weld  of  a  Cb-lZr 
thermocouple  well  in  a  natural-convection  boiling- 
potassium  Cb-  IZr  loop  was  observed  at  Oak 
Ridge  after  2800  hours  of  loop  operation  at  2 050 
f  ("9)  ]-|u,  pliruua  ,  irregular  surface  at  the  root 

of  the  weld  appeared  to  be  an  ideal  vapor-bubble 
nucleutton  site,  and  the  observed  attack  (<l  mil) 
was  assented  to  have  resulted  from  the  violent 
agitation  of  liquid  potassium  in  this  region.  This 
was  the  only  inrrosioti  detected  metallog raphicaily 


in  this  loop,  though  a  maximum  condenser- wall  loss 
of  0.  1  mg/cm^correaponding  to  a  removal  rate  of 
only  12  p  -inch/year)  was  detected  by  weight 
changes  of  sleeve  inserts.  Also,  a  very  slight 
quantity  (~  1  milligram)  of  mass-transfer  crystals 
was  recovered  from  the  stripping  solution  used  to 
clean  the  insert  specimens  from  the  subcoolor 
region.  Overall,  however,  the  corrosion  ol  the 
Cb-lZr  in  this  2800-hour,  1200  F  liquid,  2050  F 
boiling-potassium  loop  was  negligible. 

Tabic  3.  3  includes  the  conditions  and  results 
of  bolling-potasBium  capsule  and  loop  tests  operated 
at  Oak  Ridge  with  Cb-lZr.  (93e,100)  T^e  corr0sion 
tabs  underwent  weight  losses  or  gains,  depending 
on  their  locations.  In  all  cases,  oxygen  in  the 
metal  was  transferred  from  the  condensing  vapor 
regions  to  the  coolest  liquid  regions.  The  weight 
changes  were  approximately  equivalent  to  the 
changes  in  oxygen  content.  Thus,  the  weight 
changes  appear  to  reflect  migration  of  oxygen 
rather  than  metal  transfer. 

In  the  forced-circulation  loop  of  Table  3.  3, 
erosion  by  wet  potassium  vapor  was  studisd  in  a 
turbine  simulator,  consisting  of  Cb-lZr  nozzles 
and  blades.  There  were  no  signs  of  corrosion 
anywhere  in  the  loop  after  3000  hours  of  operation, 
except  for  approximately  1  mil  of  erosion  at  a  wet- 
vapor  (83  percent  quality)  impingement  area  and 
up  to  1  mil  of  localized  crystalline  deposits  nearby. 

Pratt  it  Whitney's  3000-hour  thermal- 
convection  loops  showed  comparably  good  behavior 
for  Cb-lZr  In  boiling  potassium.  ( As  Indicated 
in  Table  3.4  dissolution  occurred  to  a  limited  ex¬ 
tent  in  the  cooler  portions  of  the  Cb-lZi  loops,  the 
worst  effect  being  a  loss  of  less  than  0.  5  mil/yr, 
Weight  changes  in  the  higher-temperature  boiler 
sections  were  insignificant.  No  evidence  of  cor¬ 
rosion  could  be  found  metallog  raphicaily ,  and  no 
serious  migration  of  interstitials  occurred, 

The  endurance  limit  In  reversed  bending  of 
stress- relieved  (1  hour  at  22 00  F)  30-mil  Cb-lZr 
sheet  submerged  in  liquid  potassium  at  800  F  was 
measured  at  Battelle-Columbu*(l02)  tit  27,000  psi. 
In  these  tests,  the  neutral  axis  was  parallel  to  the 
rolling  direction  and  runouts  were  10^  cycles.  No 
comparable  data  are  available  for  vacuum  or  inert- 
gas  environments. 

3.  1.  3  Columbium  Alloy s  Other  Than  Cb- 1  Zr 

NASA-Lewis  used  capsules  machined  from  bar 
stock  of  the  test  material  as  specimens  for  boiling- 
refluxing  potassium  compatibility  studies.  (96) 

In  addition  to  Ch-lZr,  other  columbium  alloys 
tested,  under  conditions  indicated  in  Table  3,2 
are: 
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TABLE  3.2.  CORROSION  OF  REFRACTORY  ALLOYS  BY  REFLUXING  POT ASSI UM<96> 


Alloy 

Temperature , 

F 

Time , 
Hour 

Corrosive?  Attack 

Depth , 

Type  Inches  Location 

Other 

Comments 

SCb-291 

1800 

1000 

Intergranular 

1.  5 

Weld 

2200 

1000 

Solution 
Intergranula  r 

2.  0 

16 

Condensing  section 
Liquid  section 

General  attack 
General  attack 

B-33 

1800 

2000 

None 

. 

. 

- 

2200 

1000 

Solution 

Solution 

1.0 

3.0 

Condensing  section 
Liquid-vapor  interface 

■ 

2  300 

380 

Intergranular 

1.0 

High  stress  area  in 
condensing  section 

Very  slight  solution 
attack  at  liquid- 
vapor  interface 

Cb-lZr 

1800 

2000 

Intergranular 

Intergranular 

7.0 

0.  8 

Liquid-vapor  interlace 
Liquid  section 

General  attack 

2200 

123 

Solution 

Intergranular 

4.  5 

Condensing  aection 
Liquid-vapor  interface 

General  attack 

1,  5  mils  depoBit 

D-43 

2200 

2000 

None 

- 

, 

Film  at  liquid-vapor 
interface 

2300 

2000 

None 

Amber  film  over  en¬ 
tire  inner  lurfaco 

Cb-752 

2200 

4000 

None 

* 

Cb  and  ZrO^  film 
at  liquid-vapor 
interface 

D-14 

20C0 

4000 

None 

• 

Cb  and  ZrO^  film 
at  liquid-vapor 
interlace 

AS-55 

2200 

4000 

None 

- 

- 

Heavy  etching,  about 
0.  2  mil 

B-66 

2200 

4000 

Solution 

0.  2 

Condensing  lection 

Cb  and  ZrO^  film  at 
liquid-vapor  inter¬ 
face 

C-129 

2200 

4000 

None 

- 

- 

Film  at  liquid-vapor 
interface 

FS-85 

2200 

4000 

None 

- 

- 

Cb  or  Ta  film  at 
liquid-vapor 
interface 

2300 

2000 

None 

“ 

Film  at  liquid-vapor 
interface 

2400 

2000 

None 

Film  at  liquid-vapor 
interfa  ce 

TABLE  3.  3.  SUMMARY  OF  OAK  RIDGE  BOILING  POTASSIUM  -  REFRACTORY  METAL  COMPATIBILITY  TESTS<98e ,  100) 


(a)  A  weight  loss  of  22  mg /cm2  is  equivalent  to  about  1  mil  of  uniform  surface  removal- 
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B-  33(Cb-4V) 

SCb-391(Cb-  lOTa-  10W) 

D  11(CL  5Zr) 

AS-5  5(Cb-5W-lZr-0.  3Y-0.  06C) 
I3-06(Cb-5Mo-5V-  IZr) 

D-43  or  X-110  (Cb- 10W- IZr-O.  1C) 

FS-8  5(Cb-37Ta-  10  W-  IZr) 

Cb-753(Cb-  10W-3.  5 Z r) 

C-  139(Cb-  10W-  lOHf). 

It  is  apparent  from  Table  3.  3  that  the  un¬ 
fettered  alloys  ,  B-33  andSCb-391,  were  more 
severely  attacked  than  the  others,  which  contain 
either  zirconium  or  hafnium.  4  The  gettered  alloys 
showed  only  slight  effects  from  exposure  to  re¬ 
fluxing  potassium.  The  most  noticeable  effect 
was  a  dark  film  or  ring  at  the  liquid-vapor 
interface,  X-ray  patterns  on  the  more  prominent 
blemishes  revealed  the  presence  of  ZrO^  and 
columbium  crystals,  in  conformity  with  the  con¬ 
cept,  that  mainly  oxygen  is  responsible  for  any 
corrosion  found  in  these  systems.  On  the  basis 
of  this  study,  Schauermann  concluded  that  the 
following  materials  look  promising  as  potassium 
containers  (in  order  of  decreasing  corrosion  re¬ 
sistance);  C-  129,  D-  14,  Cb-752,  D-43,  AS-55, 
B-66,  and  FS-85.  The  ungettered  alloys,  B-33 
and  SCb-291,  were  considered  unsatisfactory, 

The  encouraging  resistance  to  boiling  po¬ 
tassium  exhibited  by  the  D-43  and  AS-55  alloys 
was  confirmed  in  capsule  and  loop  experiments 
by  General  Electric'97  >98a » 98b>  l03>  and  Oak 
Ridge,  (93a  *  Capsules  with  up  to  3550  F 

refluxing  potassium  inside  and  vacua  of  10"7  to 
10"9  torr  outside  were  exposed  for  periods  up  to 
10,000  hours.  One  5000-hour  AS-55  capsule 
showed  dark  stains  at  the  liquid-vapor  interface 
and  elsewhere,  which  did  not  appear  in  a  dupli¬ 
cate  capsule  that  had  been  charged  with  potassium 
by  an  improved  transfer  technique.  This  implies 
that  atmospheric  contaminants  introduced  during 
charging  were  responsible  for  the  staining  in  the 
first  capsule,  No  attack  of  grain  boundaries  in 
either  the  weldments  or  recrystallized- sheet 
tubing  walls  was  observed  in  either  alloy.  Some 
of  the  AS-55  capsules  showed  sparse,  isolated, 
white  nonmetallic  deposits,  believed  to  be  Y^03. 
There  was  some  coalescence  of  carbides,  but  no 
loss  in  creep- rupture  strength  at  3000  F.  Neither 
alloy  suffered  mass  transfer  of  carbon.  However, 
oxygen  was  leached  from  both  the  AS-55  and  D-43 
alloys  in  the  condensing  zones  when  the  starting 
material  was  high  in  oxygen  (400  ppm  or  more). 

In  fact,  the  weight  changes  observed  in  D-43  In¬ 
serts  in  the  Oak  Ridge  experiments  (Table  3.  4) 
are  believed  to  reflect  oxygen  migration  rather 
than  metallic- element  transfer. 

To  assess  the  mas s- 1 ranHfe r  situation  in  a 
poly  the  rnml ,  circulating  potassium  lo_  at- exchange 
system.  General  Electric  ran  two  all-liquid 


thermal- convection  loops  fur  3000  hours  at  T,nax  = 
3000  F  and  Tmin  =  1850  F.  (98b>  One  loop  was 
constructed  of  AS-55  alloy  and  the  other  was  Cb- 
lOVV-lZr  (D-43  alloy  without  the  carbon).  The 
latter  contained  a  short  hot- zone  section  of  AS-55 
tubing  to  see  whether  interstitials  would  transfer 
between  the  two  alloys,  Posttest  metallographic 
and  dimensional  examinations  revealed  no  signs  of 
corrosion  or  mass  transfer.  Chemical  analyses 
showed  no  measurable  transfer  of  carbon,  nitrogen, 
or  hydrogen  in  either  loop.  However,  oxygen  was 
gettered  by  the  AS-55  insert  in  the  hot  zone  of  the 
Cb- 10W- IZr  loop,  and  the  surface  stain  found  on 
this  insert  was  thought  to  be  a  yttrium  compound, 
Room-tempe rature  tensile  strengths  of  the  alloys 
were  not  altered  appreciably  by  the  exposures,  but 
the  3000  F  tensile  strengths  were  reduced  by  about 
30  percent  (from  30,000  to  24,000  pax) ,  with  no 
significant  migration  of  interstitials  or  alloying 
elements.  Furthermore,  as  indicated  in  Figure 
3.  1,  the  3000-hour  exposure  had  no  measurable 
effect  on  the  yield  strength  ol  PWC-533  tabs  lo¬ 
cated  at  various  places  in  the  loop. 


Temperature,  F 

FIGURE  3.  1.  EFFECT  OF  FLOWING  POTASSIUM 

ON  YIELD  STRENGTH  OF  SPECIMENS 
EXPOSED  FOR  3000  HOURS  AT  1350 
TO  1950  F<101> 

Initial  oxygen  in  potassium;  10  to  40 
ppm,  by  mercury  emalgamation. 

3.  1.4  Coiumbium  Alloys  in  Hetero- 
metallic  Systems 

3.  1.4.1  Cb-lZr  -  Hastelloy  X 

Table  3.  5  shows  Rocketdyne's  results  of 
capsule  tests, (104a)  using  relatively  impure  po¬ 
tassium,  The  general  conclusions  from  these  re¬ 
sults  are; 
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TABLE  J,  5. 


CORROSION  OK  COLUMBIUM  ANU  '  i.I.OY  TABS  EXPOSED  TO  "AS-RECEIVED" 

POTASSIUM  IN  ISOTHERMAL  CAPSULE;.  "  Ll) 


Temperature, 

F 

Time* 

Hour 

Caprmle 

Material 

Tab  Materials 

Tab  Weight 
Change , 
mg  /<cm2)(day) 

Metallographic 
Observations  on  Tab 

1450 

356 

Hastelloy  X 
Haste  Hoy  X 

Cb,  weld 

Cb-lZr,  weld 

-0.44 
-0.  39 

No  reaelion  layer 

Ditto 

Inconel  X 
Inconel  X 

Cb,  weld 

Cb-lZr,  weld 

-2,  32 
-1. 90 

it 

m 

1800 

63 

Hastelloy  X 

Cb,  weld 

-l,  B8 

- 

63 

Ditto 

Cb-lZr,  weld 

-2.89 

- 

63 

II 

Cb-lZr,  wrought 

-1.  13 

- 

100 

II 

Cb,  wrought 

-0.  32 

0.  3-mil  reaction  layer 

100 

II 

Cb,  weld 

-0.78 

0.  3-mil  reaction  layer;  1  to  3  milB1 
penetration 

348 

II 

Cb,  wrought 

-0.  26 

1-mil  reaction  layer 

348 

II 

Cb,  weld 

-0.29 

1-mil  reaction  layer;  0  to  5  mils' 
penetration 

1900 

50 

Hastelloy  X 

Cb,  wrought 

-2.80 

0.  5  to  1-mil  reaction  layer 

50 

Ditto 

Cb-lZr,  wrought 

-1.29 

0,  5  to  1-mil  reaction  layer 

63 

II 

Cb,  wrought 

-7.  23 

1.  5-mils  reaction  layer 

63 

It 

Cb,  weld 

-5.  30 

- 

63 

II 

Cb-lZr,  weld 

-2.90 

3  to  5-mil  reaction  layer;  5  to  8 
mils'  penetration 

159 

II 

Cb,  weld 

-3.  58 

- 

159 

It 

Cb-lZr,  weld 

-2.89 

- 

2000 

24 

Hastelloy  X 

Cb,  wrought 

-0.  83 

- 

24 

Hastelloy  X 

Cb,  weld 

-1.43 

- 

300 

Cb-lZr 

Cb,  wrought 

-0.  03 

No  reaction  layer 

300 

Cb-lZr 

Cb-lZr,  wrought 

+0.  06 

No  reaction  layer 

2100 

100 

Cb-lZr 

Cb,  wrought 

-0.  04 

. 

100 

Ditto 

Cb,  weld 

-0.  04 

Finely  dispersed  second  phase 
throughout,  except  in  grain 
boundaries 

100 

II 

Cb-lZr ,  wrought 

+0.  09 

- 

100 

II 

Cb-lZr,  weld 

+0.  07 

Finely  dispersed  second  phase 

throughout,  except  in  grain 
boundaries 


140  Cb-lZr  Cb,  wrought  -0,07 
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(1/  Columbium  and  Cb-lZr  tabu  undergo 
nron'mnced  weight  losses  when  exposed 
1450  to  2000  P  potassium  in  Hasteiloy 
X  <  apsulea,  Wrought  material  is  su¬ 
perior  to  welded,  and  Cb-lZr  is  superior 
to  unalloyed  columbium. 

(2)  At  1800  and  1900  F,  columbium  and  Cb- 
lZr  welds  suffer  severe  intergranular 
penetration  when  exposed  to  potassium 
in  Hasteiloy  X  capsules,  and  both  welded 
and  wrought  materials  show  CbN  and/or 
CbC  reaction  layers. 

(3)  Weight  changes  of  columbium  and  Cb-lZr 
specimens  tested  in  Cb-lZr  capsules  at 
temperatures  up  to  2200  F  are  small  in 
comparison  with  those  in  Hasteiloy  X 
capsules.  The  columbium  specimens 
lose  weight,  and  the  Cb-lZr  specimens 
gain.  These  changes  are  orders  of 
magnitude  greater  than  those  observed 

by  Pratt  &  Whitney  and  General  Electric 
workers,  presumably  because  the 
Rocketdyne  capsule  systems  contained 
substantially  more  oxygen  impurity. 

3,  1.4,2  Cb-lZr  -  Austenitic  Stainless  Steel 

General  Electric  tested  two  Type  32i 
stainless- steel  and  two  Type  316  stainless-steel 
isothermal  capsules  each  containing  two  Cb-lZr 
test  specimens,  for  1000  hours  at  1400  F  in 
air.  (93d,  105)  Cb-lZr  specimens  in  the  Type 

316  stainless  •  steel  capsules  came  out  tarnished 
and  showed  weight  gains,  whereas  those  in  the 
Type  321  stainless-steel  capsules  did  not,  Chemi¬ 
cal  analyses  showed  that  the  Cb-lZr  specimens  in 
the  Type  316  stainless-steel  capsules  picked  up  sub¬ 
stantial  quantities  of  carbon  and  nitrogen,  whereas 
those  in  the  Type  321  atainlesH-steel  capsules  did 
not  (Table  3.  6).  The  resistance  to  migration  of  the 
carbon  and  nitrogen  from  the  Type  321  stainless 
steel  is  attributed  to  its  titanium,  which  forma 
highly  stable  carbides  and  nitrides.  The  oxygen 
and  hydrogen  contents  were  not  affected  significant¬ 
ly  in  either  case.  The  increased  strength  and  de¬ 
creased  ductility  resulting  from  the  carbon  and 
nitrogen  pickup  in  the  Cb-  l  Zr  specimens  in  the 
Type  316  stainless-steel  capsules  are  apparent  in 
Table  3.6.  Such  "embrittlement"  is  not  serious, 
since  15  percent  elongation  of  Cb-lZr  at  room 
temperature  represents  adequate  ductility. 

This  behavior  was  corroborated  by  United 
Nuclear, (93b,  106)  jn  thermal-convection  loop 
experiments.  The  loops  were  made  of  Type  316 
stainless  steel  and  contained  strings  of  Cb-lZr 
and  Type  316  stainless-steel  tabs,  and  in  one  case, 
two  Type  321  stainless-steel  tabs.  Maximum  and 
minimum  temperatures  were  1600  and  1200  F, 
respectively,  and  the  potassium  used  was  filtered 
and  gettered  to  25  ppm  oxygen,  35  ppm  carbon, 
and  5  ppm  nitrogen.  In  such  systems: 


(1)  Carbon  and  nitrogen  are  depleted  from 
Type  316  stainless  steel  (but  not  from 
Type  t21  stainless  steel)  in  high- 
temperature  regions  and  transported  to 
lower- temperature  regions  without 
serious  deterioration  of  structural 
properties  of  the  stainless  steel. 

(2)  The  Cb-lZr  tabs  are  saturated  at  low 
carbon  and  nitrogen  levels  and  remain 
ductile  for  at  least  3000  hours  (longest 
test).  A  thin  (<1  mil)  carbonitride 
surface  layer  inhibits  carbon  and  nitrogen 
diffusion  into  the  matrix,  slowing  the 
formation  of  embrittling  carbides  and 
nitrides. 

(3)  Carbon  additions  to  the  potassium  result 
in  carburization  of  the  Type  316  Btainless 
steel  throughout  the  loop,  but  no  increased 
pickup  of  carbon  by  the  Cb-  IZr.  Similiarly, 
the  use  of  nitrogen  instead  of  argon  for  the 
atmosphere  above  the  potassium  does  not 
increase  the  total  nitrogen  pickup  by  the 
Cb-lZr. 

In  the  above  systems,  the  Type  316  stainless 
steeliCb-lZr  surface  area  ratio  was  between  20:1 
and  100:1.  When  the  ratio  1b  reversed  (Cb-lZr  b> 
Type  316  Btainless  steel),  the  large  refractory- alloy 
surfaces  would  be  expected  to  getter  Interstitials 
from  the  limited  Btainless  surfaces.  This  is  Il¬ 
lustrated  by  the  four  Type  316  stainless  steel  tabs 
in  the  1250  F  region  of  Fratt  &  Whitney's  Cb-lZr 
Loop  4  (Table  3,  4),  These  specimens  all  under¬ 
went  minute  weight  losses  during  the  3UUU-hour 
test,  presumably  by  leaching  of  interstitials,  and 
the  Cb-lZr  tabs  immediately  downstream  showed 
corresponding  slight  weight  gains.  There  was  no 
measurable  migration  of  Type  316  stainless-steel 
constituents  to  the  Cb-lZr  anywhere  else  in  the  loop. 


3.  1. 4,  3  Cb-  IZr  -  TZM  (Mo-0.  5T1-0.  OBZr) 


Since  the  SNAF-50 /SPUR  power-conversion 
system  may  employ  a  TZM  turbine  wheel  in  a  Cb- 
lZr  casing,  the  compatibility  of  this  combination 
of  alloys  with  wet  potassium  vapor  is  of  special 
interest,  On  the  basis  of  examinations  of  the  TZM 
inserts  from  Pratt  U  Whitney's  Cb-lZr  Loop  4 
(Table  3,  4), (101)  it  was  concluded  that  TZM  is 
compatible  with  wet  potassium  vapor  at  1850  F. 
However,  the  yield- strength  results  for  potassium- 
exposed  TZM  shown  in  Figure  3.  1  suggest  a  possible 
reduction  in  high-temperature  strength  as  a  result 
of  the  exposure, 


General  Electric  ran  two  Cb-lZr,  2000  F 
refluxing-potassium ,  capsule  tests  with  TZM  tubular 
inserts  In  the  condensing  region,  One  was  ex¬ 

posed  for  2500  hours  and  the  other  lor  5000  hours. 
Preliminary  results  indicate  excellent  compatibility 
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Table  3.  u.  EFFECT  OF  1000-HOUR  EXPOSURE  TO  1400  F  POTASSIUM  ON  O.  040-INCH  THICK  Cb-1/.r 
SPECIMENS  CONTAINED  IN  TYPES  316  SS  AND  321  SS  CAPSULES<93U ,  1  05) 


Room-Temperature  Tensile  Properties 
of  Cb-lZr  Alloy  Specimens _ 


Capsule  Material 
and  Specimen 

Chemical  Analyses  of 

Cb-lZr  Alloy  Specimens,  ppm 

C  N  O  H 

0.  2  %  Offset 
Yield 
Strength, 
psi 

Ultimate 

T  ensile 
Strength , 
psi 

Elongation 

percent 

Unexposed-l 

10 

14 

75 

6 

23,300 

40,000 

37 

Unexposed-2 

50 

50 

200 

24 

- 

- 

- 

Type  321  SS-3 

50 

21 

147 

13 

29,600 

49,300 

30 

Type  321  SS-4 

35 

16 

114 

14 

25, 300 

42,800 

36 

Type  316  SS-1 

210 

206 

258 

23 

46,700 

56,000 

20 

Type  316  SS-2 

280 

336 

156 

7 

40,300 

57,000 

15 

for  this  system.  The  only  changes  observed  were 
some  staining  of  the  walls  in  the  vapor  region, 
minute  weight  losses  (1,3  rng/crn^,  maximum) 
of  the  inserts  in  the  condensing  zone  of  the  5000- 
hour  capsule,  and  some  surface  decarburization 
and  recrystallization  of  the  TZM. 

3.  1.4.4  Cb-lZr  -  PWC- 1 1  (Cb-  IZr-O,  1C) 

As  indicated  in  Table  3.  4,  fourteen  PWC- 11 
tabs  were  inserted  at  various  locations  in  Cb-lZr 
Loop  and  exposed  for  3000  hours  to  flowing 

potassium  between  the  1300  F  subcooled  liquid 
state  and  the  2000  F  vapor  state,  Since  the  only 
difference  between  the  Cb-lZr  loop  material  and 
the  PWC- 11  inserts  was  the  carbon  in  the  latter, 
carbon  migration  and  its  side  effects  were  of 
particular  interest. 

Posttest  examinations  revealed  the  following: 

(1)  Tabs  in  the  boiler  gained  weight;  those 
in  the  condenser  and  subcooler  lost 
weight  (Table  3.  4). 

(2)  All  tabs  showed  some  increase  in  carbon 
at  the  surfaces,  the  greatest  gain  being 
in  tabs  in  the  1975  F  liquid  in  the  boiler 
zone  (from  pretest  value  of  900  to  1000 
ppm  to  posttest  value  of  1300  to  1900 
ppm) . 

(3)  There  were  no  significant  changes  in 
the  nitrogen,  oxygen,  or  zirconium  con¬ 
centrations  in  the  PWC- 11  tabs. 

(4)  The  strength  of  the  PWC- 11  was  not 
altered  by  the  exposure,  as  can  be  seen 
in  Figure  3.  1. 


3.  1.4.  5  Cb-lZr  -  PWC-S33  (Cb-5Mo-3Ti-3Zr- 
0.  1C) 

Pratt  &  Whitney  workers  exposed  welded 
samples  of  PWC-53J  alloy  to  2000  F  potassium 
for  1600  hours  in  Cb-lZr  capsules  with  no  mea¬ 
surable  weight  changes,  corrosive  attack,  or 
material  transfer,  This  outstanding  performance 
was  duplicated  by  the  PWC-533  tabs  in  the  1600  F 
condensing  zone  of  a  boiling- potassium  Cb-lZr 
thermal-convection  loop  (Loop  1 ,  Table  3,  4),  v  101) 
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3,  2  MOLYBDENUM  ALLOYS 
3,  2,  1  Compatibility  -  General 

Molybdenum  and  various  molybdenum  alloys 
have  been  tested  in  liquid  and  vapor  potassium 
with  results  varying  from  a  loss  of  7  mg/(cm^) 

(day)  at  1800  f(  104a)  t0  no  measurable  attack  after 
2500  hours  at  2000  F.  (93a)  Tile  controlling  factor 
in  this  seemingly  inconsistent  behavior  is  the  oxygen 
content  of  the  potassium. 

The  apparent  equilibrium  solubility  of 
molybdenum  in  potassium  increases  roughly  linearly 
with  increasing  oxygen  content  in  the  potassium, 
as  illustrated  in  Figure  3,  2,  ( Pure  molybdenum 
is  essentially  insoluble  in  pure  potassium  as  sug¬ 
gested  by  the  fact  that  it  drops  below  1  ppm  in 
2000  F  potassium  which  has  been  purified  to  70 
ppm  oxygen  or  less, 
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FIGURE  3.2.  APPARENT  EQUILIBRIUM  SOLU¬ 
BILITY  OF  MOLYBDENUM  IN  PO¬ 
TASSIUM  AS  A  FUNCTION  OF 
OXYGEN  CONTENT^) 


It  in  evident  that  the  molybdenum  detected  in 
these  uolubiiity  teste  is  in  the  form  of  products  of 
chemical  reactions  which  require  the  presence  of 
oxygen  in  some  form.  Though  the  Bolubility  of 
molecular  oxygen  in  molybdenum  is  low  (45  to  65 
ppm  at  2000  to  3000  F),  surface  oxides  can  form 
quite  readily.  When  these  oxides  (MoO^  or  M0O3) 
come  in  contact  with  molten  potassium  or  with 
potassium  oxides  at  temperatures  above  about  500 
F,  free  energies  favor  the  formation  of  stable 
complex  oxides,  such  as  K^MoO^.  ( 109)  The 
latter  compounds  or  their  dissociation  products 
go  into  solution  in  the  potassium,  and  their 
molybdenum  atoms  are  detected  spectrographically 
as  "dissolved"  molybdenum.  As  implied  in 
Figure  3.2,  these  Mo-O-K  interactions  continue 
as  long  as  oxygen  is  being  added.  Presumably, 
the  apparent  molybdenum  Bolubility  would  level 
off  if  enough  oxygen  were  added  to  saturate  the 
potassium  with  complex  oxides  -  a  limit  which  has 
not  been  reached  in  Figure  3.  2  (>6000  ppm  oxygen 
at  2000  F). 

In  summary,  molybdenum  has  excellent 
resistance  to  attack  by  high-purity  potassium  at 
temperatures  to  2500  F.  However,  its  resistance 
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is  rcuuceu  as  the  oxygen  content  ol  the  potassium 
is  increased.  Alloying  the  molybdenum  with  small 
amounts  of  oxygen  getters  like  titanium  and  zir¬ 
conium  raises  its  recry  stallization  temperature  and 
improves  its  mechanical  properties,  but  has  little 
effect  on  its  sensitivity  to  oxygen  contamination. 
Thus,  molybdenum  and  alloys  like  Mo-0.  5Ti,  TZM 
(Mo-0.  5Ti-0.  08 Zr),  or  TZC  (Mo-  1.  ZTi-0.  25Zr- 
0.  15C)  are  practical  long-time  containers  for  high- 
temperature  molten  potassium  and  potassium  vapor 
only  when  the  oxygen  in  the  system  can  be  kept 
low  (<  50  ppni,  by  amalgamation). 

3,  2, 2  Corrosion  and  Mass-Transfer  Tests 

As  shown  in  Table  3.  3,  sleeves  of  TZM  (Mo- 
0.  5Ti-Q.  08Zr-0.  03C)  exposed  to  2300  F  boiling- 
refluxing  potassium  inside  a  TZM  capsule  under¬ 
went  weight  gains  and  losses  indicative  of  material 
transfer  from  the  top  of  the  condensing  zone  to  the 
regions  below.  While  these  weight  changes  were 
greater  than  those  of  columbium-base  alloy  speci¬ 
mens  under  similar  conditions,  the  maximum 
equivalent  corrosion  rate  was  actually  insignificant 
(0.  035  mil/yr  of  uniform  surface  removal).  Post- 
test  analyses  showed  no  interstitial  migration  in 
the  TZM  and  some  pickup  of  titanium  and  molyb¬ 
denum  in  the  potassium.  These  manifestations  are 
consistent  with  the  previously  described  concept 
that  dissolutive  attack  of  molybdenum  by  potassium 
stems  from  Mo-O-K  (and  Ti-O-K)  interactions. 

The  tests  covered  in  Table  3.  3  were  conducted  under 
vacuum  in  the  range  10”  ?  to  10“9  torr,  and  initial 
oxygen  in  the  potassium  was  less  than  50  ppm  (by 
the  amalgamation  method).  With  such  restricted 
uwn liability  of  oxygen,  it  is  not  surprising  that  the 
absolute  rate  of  corrosion  of  the  TZM  inserts  was 
negligible. 

Though  the  examinations  were  not  complete  at 
the  time  of  this  writing,  the  TZM  inserts  in  the  D-43 
columbium- alloy  loop  shown  in  Table  3.  3  showed  a 
consistent  pattern  of  very  slight  weight  gains,  which 
may  be  indicative  of  dissimilar-metal  mass  trans¬ 
fer, 


During  the  course  of  creep  experiments  in  a 
potassium-vapor  environment  to  check  the  suitabi¬ 
lity  of  TZM  alloy  for  the  potassium-vapor  turbine 
in  the  SNAP-50/SPUR  power  plant,  mass-transfer 
crystals  (99+  wt%  molybdenum)  were  found  on  the 
specimen  surfaces,'*^  A  special  study  was 
made  with  TZM  capsules  under  boiling- refluxing 
conditions  to  determine  how  various  system  para¬ 
meters  influenced  the  mass  transfer.  This 

study,  utilizing  peak  potassium  temperatures 
between  1500  and  2040  F  and  oxygen  contents  of 
48  to  500  ppm  (determined  by  mercury  amalgama¬ 
tion),  led  to  tlic  following  salient  conclusions: 
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(1)  The  amount  of  mass  transfer  is  more 
.  sensitive  to  the  amount  of  oxygen  in 

the  potassium  than  to  any  other  variable 
in  the  study. 

(2)  The  amount  of  mass  transfer  is  rela¬ 
tively  insensitive  to  temperature 
gradients;  transferred  material  tends 
to  deposit  preferentially  on  the  hottest 
surfaces,  signifying  that  chemical  re¬ 
actions  and  diffusion  processes,  rather 
than  solution- precipitation  effects,  are 
responsible. 

(3)  The  chemical  reactions  leading  to  cry¬ 
stal  deposition  reach  an  equilibrium  or 
saturation  condition  in  a  relatively 
short  time,  as  demonstrated  by  the  fact 
that  deposits  were  no  heavier  after  480 
hours  than  they  were  after  50  hours. 

As  pointed  out  in  the  section  on  Columbium 
Alloys,  TZM  inserts  showed  excellent  compatibi¬ 
lity  with  Cb-lZr  in  boiling- refluxing  potassium 
after  5000  hours  at  2000  F.  (93a)  similar  cap¬ 
sule  experiments  gave  insignificant  weight  changes 
for  Mo-0.  5Ti  inserts  in  1800  F  refluxing  potas¬ 
sium  after  500  hours.  (93b)  Consequently,  several 
investigations  were  run  to  examine  the  ability 
ef  TZM  and  Mo-0.  5Ti  simulated  turbine  blades 
and  nozzles  to  withstand  erosion  by  high-velocity 
potassium  vapor. 

At  AiResearch,  2000  F  potassium  vapor  with 
a  calculated  quality  of  80  to  100  percent  was  ex¬ 
panded  in  a  Cb-lZr  loop  through  a  series  of  noz¬ 
zles.  and  impinged  on  Mo-0.  5Ti  stationary  test 
coupons  at  each  nozzle  exit.  0  12)  The  potassium 
had  been  gettered  with  zirconium  sheet  for  14  hours 
at  1400  F  prior  to  the  test.  Examinations  of  the 
Mo-0.  5Ti  test  couples  and  nozzles  after  the  307- 
hour  test  showed  the  following: 

(1)  Nozzle  1,  which  was  Mo-0.  5Ti  exposed 
to  the  highest-quality  vapor,  did  not 
change  in  diameter. 

(2)  Subsequent  nozzles,  which  were  Cb-lZr 
exposed  to  lower  quality  vapor,  in¬ 
creased  in  diameter  by  0.  3  to  0.  4  mil. 

(3)  Mo-C,  5Ti  test  coupons  did  not  change 
thickness  measurably,  but  lost  0.  2  to 
0.  8  milligram  (of  ~2.  7  grams),  and 
their  mirror  finish  developed  a  satiny 
texture  in  the  impingement  areas. 

(4)  Metallography  to  200X  revealed  no 
surface  irregularities  in  the  satiny 
zones. 

In  similar  experiments  at  Oak  Ridge,  TZM- 
alley  nozzle  and  turbine-blade  specimens  in  Type 
316  stainless  steel  loops  showed  severe  cratering 
and  relatively  high  weight  losses  after  504  to  2067 


hours'  exposure  to  1280  F  potassium  vapor  at  83 
percent  quality.  (93f,  100)  Reaction  products  re¬ 
moved  from  the  TZM  components  showed  un¬ 
usually  high  concentrations  of  carbon  and  oxygen. 
However,  a  repeat  experiment,  with  the  addition 
of  a  full-flow  zirconium  hot  trap  to  provide  oxygen- 
free  potassium  to  the  TZM  test  nozzles  and  blades, 
yielded  virtually  no  cratering  or  weight  losses  of 
the  TZM.  This  signifies  that  the  severe  attack  and 
mass  transfer  in  the  original  t^sts  were  caused  by 
oxygen  contamination  in  the  original  potassium.  An 
analogous  capsule  experiment,  using  alternate  Type 
316  stainless  steel  and  TZM  sleeves  inside  a  Type 
316  stainless  steel  capsule  containing  highly  puri¬ 
fied  1600  F  refluxing  potassium  (20  ppm  oxygen  by 
amalgamation)  revealed  no  corrosion  or  dissimilar- 
metal  mass  transfer  in  any  of  the  components.  This 
verifies  the  compatibility  of  Type  316  stainless 
steel  with  TZM  in  low-oxygen  potassium  systems. 

3,  2,  3  Effects  of  Exposure  on  Mechanical  Properties 

C reep- rupture  tests  svere  run  for  up  to  15  39 
hours  on  vacuum-arc-cast,  hot- rolled,  stress- 
relieved  Mo-0.  5Ti(98f,  1 13)  anci  TZM(llO)  alloys. 

For  most  of  the  work,  hollow  specimens  were  test¬ 
ed  in  an  evacuated  chamber.  Sealed  inside  the  test 
specimens  were  small  charges  of  potassium,  so 
that  the  inside  walls'would  be  exposed  to  potassium 
vapor  at  the  test  temperatures  (1800  and  2000  F) 
during  the  creep  experiments.  The  potassium 
used  contained  less  than  80  ppm  oxygen,  as  mea¬ 
sured  by  mercury  amalgamation.  Similar  control 
specimens  were  tested  without  potassium. 

For  both  alloys,  the  design  curves,  shown 
in  Figures  3.  3  and  3.4  were  the  same  for  the 
potassium-exposed  specimens  as  for  the  controls. 
Thus,  it  was  concluded  that  the  creep- rupture 
behavior,  at  least  up  to  1000  hours  at  1800  and 
2000  F ,  of  these  alloys  is  not  affected  significantly 
by  potassium  vapor.  However,  the  discovery  of 
mass-transfer  deposits  inside  the  potassium- 
exposed  specimens  led  to  a  study^1^)  which  demon¬ 
strated  that  the  mass-transfer  rate  is  sensitive 
to  the  amount  of  oxygen  in  the  potassium.  Thus, 
in  syBtems  where  significant  oxygen  contamination 
is  present,  mass  transfer  would  be  expected  to 
accelerate  the  creep  after  enough  time  for  corrosion 
to  weaken  the  material.  Where  oxygen  contamina¬ 
tion  can  be  successfully  excluded,  exposure  of  Mo- 
0.  5Ti  or  TZM  alloy  to  2000  F  potassium  should 
have  noadverse  effect  on  creep  behavior. 

Using  tension-tension  axial  loading  on  hollow 
cylindrical  specimens,  a  fatigue-test  program  was 
carried  out  on  vacuum-arc-cast,  hot-rolled,  stress- 
relieved  Mo-0.  5Ti  alloy.  U  J4)  The  load  ratio 
(alternating  stress  to  mean  stress)  was  0.  95,  and 
the  frequency  was  60  cps.  As  in  the  creep  tests, 
small  charges  of  potassium  (<80  ppm  oxygen  by 
mercury  amalgamation)  were  sealed  inside  the 
specimen  cavities  so  that  the  inner  walls  would  be 


Stress ,  1000  psi 


Time  to  Reach  Indicated  Deformation  or  Rupture,  hours 

FIGURE  3.  3.  DESIGN  CURVES  FOR  STRESS-RELIEVED  Mo-0.  5TI  ALLOY  IN 
POTASSIUM  VAPOR  OR  VACUUMED 
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exposed  to  saturated  potassium  vapor  at  the  test  menor.  seems  to  be  associated  more  with  surface 

temperatures  (1500  and  2000  F).  Similar  speci-  effects  than  with  gross  corrosion,  because  it  oc- 

mens  were  tested  without  potassium,  as  controls.  curs  with  short-  as  well  as  long-lifetime  specimens. 

The  study  was  not  comprehensive  enough  to  pin- 

The  results,  shown  in  Figure  3.  5,  indicate  point  the  actual  cause  of  the  lowered  fatigue  life  of 

that  the  endurance  limit  is  reduced  significantly  of  the  potassium-exposed  Mo-0,  5Ti. 

by  the  presence  of  potassium  vapor.  This  pheno- 


Fotigue  Life,  cycles 

FIGURE  3.  5.  RESULTS  OF  AXIAL- LOAD  FATIGUE  TESTS  ON  Mo-0.  5Ti  IN  HELIUM- 
VACUUM  ATMOSPHERE,  OR  POTASSIUM- VACUUM  ATMOSPHERE  AT 
1500  F  AND  2000  F<114> 
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3.  3  TANTALUM  ALLOYS 

Pure  tantalum  has  excellent  resistance  to 
attack  at  elevated  temperatures  by  high-purity 
potassium  liquid  and  vapor.  However,  its  cor¬ 
rosion  resistance  is  drastically  reduced  by  small 
amounts  of  oxygen  impurity  in  the  tantalum  or  the 
potassium.  This  effect  is  apparently  even  more 
pronounced  in  tantalum  than  it  is  in  columbium. 
Similar  to  columbium,  alloying  tantalum  with  a 
small  percentage  of  some  strong  oxygen  getter 
like  zirconium  or  hafnium  decreases  its  sensiti¬ 
vity  to  oxygen  contamination. 


On  thebasis  of  data  in  Table  3.  1  using  3-hour 
equilibrations,  tantalum  appears  somewhat  more 
soluble  in  potassium  at  2275  F  than  niobium. 
However,  to  date  there  has  been  no  systematic 
study  of  the  effects  of  interstitials  on  the  measured 
solubility. 

Table  3.7  summarizes  the  results  of  tantalum- 
alloy  capsule  tests  with  refluxing  potassium  at 
IfUlO  to  2400  F.  Several  facts  are  immediately 
apparent: 
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TABLE  3.7.  CORROSION  OF  TANTALUM-ALLOY  CAPSULES  EXPOSED  TO  HIGH- PURITY  REFLUXING 
POTASSIUM^*)  INSIDE  AND  HIGH  VACUUM<b>  OUTSIDE^6* 


Temperature, 
Altov  F 

Time, 

Hour 

Corrosive  Attack  and  Observations 

Oxygen  in 
Pretest 

Capsule  Walls  ,  ppm 
Posttest 

Top  Bottom 

Ta-lOW 

1800 

110 

12  mils  intergranular  through  cap  seal  weld 

m 

Ta-lOW 

2200 

8 

16  mils  intergranular  through  cap  seal  weld 

8 

55(e) 

34 

T-222<c) 

1800 

4000 

No  attack 

_ 

T-222 

2200 

4000 

No  attack;  KjTa^ii  film  at  interface;  some 

- 

- 

- 

WO3 

T-222 

2400 

4000 

No  attack;  K2Ta.jOiifilm  at  interface;  some 

48 

57 

1780 

Wo3 

T-lll<d) 

2200 

4000 

No  attack;  film  at  Uquid-vapor  interface 

«. 

T-lll 

2300 

2000 

No  attack;  film  at  liquid-vapor  interface 

25 

48 

74 

(a)  Oxygen  content:  <20  ppm,  by  vacuum  distillation  and  mercury  amalgamation  methods. 

(b)  10“'  to  10”®  torr. 

(c)  Composition:  Ta-9.6W-2.4HI-0.01C. 

(d)  Composition:  Ta-8W-2Hf. 

(e)  Sample  taken  from  cap  weld  area. 


(1)  The  ungettered  alloy  Ta-lOW  picked  up 
a  small  amount  of  oxygen  and  suffered 
severe  intergranular  penetration, 
particularly  in  the  large- grained  heat- 
affected  zone  of  the  end-cap  weld, 
which  began  to  leak  potassium  into  the 
vacuum  chamber  in  a  relatively  short 
time. 

(2)  Neither  the  T-222  (Ta-9.6W-2.4Hf- 
0.  01C)  nor  the  T-lll  (Ta-8W-2Hf) 
capsules  showed  any  metallographic 
evidence  of  corrosive  attack  after  ex¬ 
posures- to  refluxing  potassium  up  to 
4000  hours  at  temperatures  up  to  2400  F. 

(3)  Films  were  found  at  the  liquid-vapor 
interface  of  the  T-222  and  T-lll  cap¬ 
sules  which  had  been  exposed  at  2200  F 
and  above.  X-ray  patterns  from  the 
T-222  capsules  showed  K2Ta40n  and 
WO3,  but  no  positive  identification  of 
HfO^. 

(4)  The  T-222  and  T-lll  capsule  walls 
picked  up  oxygen  preferentially  at  the 
bottom  during  the  exposures.  Since  each 
capsule  started  with  only  1-1/4  centi¬ 
meters  of  low-oxygen  {<20  ppm)  potas¬ 
sium,  the  contamination  must  have  come 
from  the  vacuum-chamber  atmosphere. 
The  pickup  to  1780  ppm  oxygen  (Table 

3.  7)  is  thought  by  the  experimenter  to 
have  occurred  mostly  during  short-time 
operation  within  the  test  temperature 
range,  carlv  in  the  test,  at  pressures 
up  to  ~  10'  ^  torr. 


Although  the  examinations  were  incomplete 
at  the  time  of  this  writing,  indications  are  that 
the  T-lll  natural- convection  loop  at  Oak  Ridge 
(Table  3.  3)  will  give  results  comparable  to  the 
T-lll  capsule  results  in  Table  3.  7.  The  0.  4  mg/ 
cm^  in  3000  hours  maximum  weight  loss  of  tabs 
in  the  condensing  zone  is  equivalent  to  a  uniform 
surface  removal  of  1  mil  in  20  years.  The  weight 
gains  in  lower-temperature  tabs  are  probably  due 
to  surface  films. 
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3,4  ZIRCONIUM,  TITANIUM  ,  AND  HAFNIUM 

Zirconium,  titanium,  and  hafnium  are 
chemically  active  transition  metals  which  interact 
readily  with  impurities  such  as  oxygen,  hydrogen, 
nitrogen,  and  carbon  in  potassium.  Because  the 
products  of  such  interactions  are  usually  deleterious 
to  their  mechanical  properties,  these  metals  (or 
alloys  in  which  they  are  the  major  constituents)  are 
generally  unsatisfactory  as  container  materials  for 
high-tempe rature  potassium.  However,  sinch  they 
are  more  highly  active  than  other  transition  metals, 
they  are  very  useful  as  getters  to  remove  impurities 
from  potassium  contained  in  some  other  construction 
material.  These  impurities  might  otherwise  react 
with  the  container  and  lower  its  ductility  and/or 
corrosion  resistance. 
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Zirconium,  titanium,  and  hafnium  may  be 
used  aa  getters  in  potassium  systems  in  one  of 
two  ways:  (1)  as  minor  alloying  constituents  of 
the  containment  materials  themselves,  and  (2)  as 
active  packing  (in  the  form  of  foil,  mesh,  or  chips) 
in  a  full-flow  or  bypass-flow  hot  trap.  The  ef¬ 
fectiveness  of  gettering  by  alloying  is  demonstrated 
by  the  superior  corrosion  resistance  to  high- 
temperature  potassium  of  B-66  (Cb-5V-5Mo- IZr) 
over  B-33  (Cb-4V),  FS-85  (Cb-27Ta- 10W- IZr) 
over  SCb-291  (Cb- lOTa- 10W,  and  C-129  (Cb-lOW- 
lOHf)  over  SC.b-291  (Cb- 10W- lOTa) ,  as  shown  in 
Table  3.2.  Similarly,  as  shown  in  Table  3,  7, 
replacement  of  a  few  percent  of  the  tungsten  in 
Ta-lOW  by  hafnium  completely  eliminated  the 
intergranular  attack 

Workers  at  Oak  Ridge  studied  the  distribu¬ 
tion  of  oxygen  between  zirconium  and  liquid  potas¬ 
sium  at  1500  F.dlS)  where  no  oxide  scale  was 
visible,  the  final  weight  fraction  of  oxygen  in  the 
zirconium  varied  from  3  to  30  times  that  in  the 
potassium,  and  increased  with  time  at  a  given  zir¬ 
conium  specimen  thickness  as  shown  in  Figure 
3.  6.  The  data  in  Figure  3.  6  were  successfully 
applied  to  the  analysis  of  potassium  for  oxygen  in 
the  100  to  3000-ppm  range.  This  was  accomplished 
by  simply  measuring  the  amount  of  oxygen  in  a 
zirconium  tab  before  and  after  a  100-hour  exposure 
to  the  potassium  at  1500  F,  and  calculating  how 
much  was  >in  the  potassium  originally. 


10"*  I0'2  I0"1 


Zirconium  Specimen  Thlckneee,  inch 


FIGURE  3,6.  DISTRIBUTION  RATIO  FOR  OXYGEN 
BETWEEN  ZIRCONIUM  AND  POTAS¬ 
SIUM  AT  1500  F<115> 


3.5  NICKEL- ,  AND  IRON- ,  AND  COBALT  - 
BASE  ALLOYS 

3,  5,  1  Compatibility  -  General 

Aside  from  corrosion  considerations,  the 
dropoff  in  high-temperature  strength  of  nickel-, 
iron-,  and  cobalt-base  alloys  limits  their  use  as 
containers  for  potassium  to  systems  where  tempera¬ 
tures  are  below  about  1900  F  at  best.  However, 
many  commercially  available  nickel-  ,  iron-  ,  and 
cobalt-base  alloys  are  endowed  with  attractive 
oxidation  resistance,  fabricability ,  and  strength 
below  1900  F;  so  that  their  suitability  for  potassium 
heat-exchange  systems  would  depend  largely  on 
their  compatibility  with  the  potassium. 

On  the  basis  of  the  solubility  data  shown  in 
Table  3,  1  and  Figure  3.  7j9^>93c,  116)  jt  appears 
that’  die  use  of  nickel-  and  cobalt- rich  alloys  should 
not  be  seriously  limited  by  solubility  criteria  in 
potassium  heat- exchange  systems.  Iron- rich 
alloys,  on  the  other  hand,  would  be  expected  to 
suffer  significant  mass  transfer  from  solution- 
precipitation  phenomena  in  polythermal  systems, 
it  was  found  experimentally  that  the  apparent 
solubility  of  iron  is  increased  by  the  presence  of 
oxygen  in  the  potassium.  Thus,  the  successful 
use  of  iron-bate  alloys  would  be  contingent  largely 
upon  maintaining  a  low  oxygen  level  in  the  potas¬ 
sium.  Indeed,  in  low-oxygen  loops  containing 
potassium  in  austenitic  stainless  steel,  the  mass- 
transfer  kinetics  are  such  that  nickel  and  chromium 
are  leached  preferentially,  leaving  a  ferritic  sur¬ 
face  layer  on  the  hot- zone  walls  and  deposits  rich 
in  nickel  and  chromium  on  the  cold- zone  walls. 

In  general,  it  has  been  found  that  the  re¬ 
sistance  of  cobalt-base  alloys  to  attack  by  potas¬ 
sium  is  about  the  same  as  that  of  iron-base  alloys. 
Nickel-base  alloys,  however,  appear  to  be  in¬ 
ferior. 

Migration  of  carbon  (and  other  interstitials) 
from  hot  to  cooler  regions  has  been  observed  in 
polythermal  potassium  loops  fabricated  of  iron-, 
nickel-,  or  cobalt-baee  alloys.  The  extent  of 
such  migration  is  dependent  on  temperature 
patterns,  time,  and  the  nature  of  the  interstitial- 
element  sources  and  sinks  present.  The  serious¬ 
ness  of  this  problem  hinges  upon  the  amount  of 
property  deterioration  (embrittlement  or  loss  of 
strength)  suffered  by  the  alloy  in  question  as  a 
result  of  carburization,  decarburization,  or  other 
interstitial- eleme  t  transfer. 

Dissolutive  attack  of  Iron-,  nickel-,  or 
cobalt-base  alloys  in  clean  potassium  heat- transfer 
loops  has  been  found  to  be  relatively  mild, 

Similarly,  with  the  exception  of  a  few  highly  con¬ 
taminated  loop  experiments,  long-term  tests  have 
not  been  troubled  with  plugging  by  the  sparse  mass- 
transfer  crystals  formed.  However,  such  crystals 
have  been  known  to  find  their  way  into  small- 
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Legend 

O.A  Molybdenum  eollsctor;  ~20  ppm  04  In 
*,•  Columblum  collector;  ~2Qppm  Oj  in  n*li< 

*  Iron  solubility ;  lungiten  collector;  8-10 ppm 
Ot  In  K(w.«c> 

♦  Nicks l  solubility;  tungstsn  collector; 

8-10  ppm  04  In  K<M*W0) 

9  iron  solubility;  tungstsn  collector; 

16  ppm  04  in  K(l17' 


■  ■  ■  -  >  »  i  ‘ 

1400  1200  1100  1000  900 

Temperature,  T,  K 

TABLE  3.7  SOLUBILITY  OF  IRON,  NICKEL, 
AND  COBALT  IN  POTASSIUM 

clearance  liquid- metal-lubricated  bearing*  and 
cauae  galling  •  a  problem  which  can  likely  be  cir¬ 
cumvented  by  placing  filter*  ahead  of  the  bearings. 

3.5,2  Nickel-Bane  Alloya 

3,5.2.  1  Inconel  (78Ni-15Cr-7Fe) 

Inconel  doe*  not  resist  attack  by  1600  F 
boiling  potassium  as  well  as  Haynes  Alloy  No.  25 
or  Type  316  stainless  steel.  Refluxing  capsules 
with  1600  F  boiling  potassium,  after  operation 
for  1000  hours  at  Oak  Ridge,  showed  measurable 
weight  losses  from  the  condensing  zone  and  weight 
gains  in  the  subcooled  liquid  region.  (US®)  This 
mass-transfer  pattern  was  repeated  in  the  1500- 
hour  Inconel  natural-convection  loop  depicted  in 
Table  3.8  (Loop  !J) .  ( 119)  The  boiler  and  con¬ 
denser  regions  of  this  loop  developed  extensive 
intergranular  cracks  up  to  20  mils  deep,  In 
addition,  there  was  decarburization  and  grain 
growth  In  the  1600  F  regions  of  the  boiler  and 
condenser,  a^id  mass-transfer  deposits  (enriched 
in  iron  and  carbon  and  depleted  in  chromium) 
on  the  1250  F  subcooler  walls. 

Since  boiling  in  this  loop  was  not  stable, 
it  is  not  certain  how  much  of  the  grain-boundary 
damage  1b  due  to  thermal  fatigue  and  how  much 
to  solution  attack.  Workers  at  NASA-Lewis  ex¬ 


perienced  complete  penetration  of  the  14-mil 
tnronel  wall  at  the  liquid- vapor  interface  of  an 
early  1650  F  boiling  potassium  loop  alter  490 
hours,  suggesting  solution  attack  of  grain-boundary 
material  -  particularly  when  the  potassium  purity 
is  not  closely  controlled.  Posttest  metal- 

lographic  examination  of  a  subsequent  500-hour 
loop  corroborates  thiB,  The  Inconel  wall  was 
thinned  several  mils  at  the  liquid- vapor  Interface, 
and  showed  severe  intergranular  penetration  about 
5  mils  deep. 

3.  S,  2,  2  Hastelloy  X  (4SNi-24Fe- 22Cr- 9Mo) 

A  limited  amount  of  experimentation  has  been 
conducted  with  Hastelloy  X  as  a  container  for 
molten  potassium.  Its  corrosion  resistance  is 
generally  inferior  to  that  of  Btainless  steels  and 
Haynes  Alloy  No,  25.  Its  suitability  for  potassium 
containment  would  thus  be  limited  to  low- temperature, 
long-life  applications,  or  to  short- service  applica¬ 
tions  at  higher  temperatures. 

The  most  serious  drawback  to  the  use  of 
HaBtelloy  X  in  polythermal  potassium  systems  is 
the  mass-transfer  problem.  A  forced- circulation 
all-Hastelloy  X  loop  test  with  1800  F  -  1350  F  potas¬ 
sium  flowing  at  10  fps  was  terminated  by  complete 
plugging  of  the  electromagnetic  pump  cell  after  only 
530  hours  of  operation.  The  metallic  plug 

and  a  heavy  layer  of  deposited  crystals  throughout 
the  cold  leg  of  the  loop  analyzed  predominantly 
nickel.  The  hot  leg  was  severely  roughened,  and 
showed  4  mils  of  intergranular  attack.  Data  were 
not  obtained  to  indicate  the  role  of  oxygen  impurity 
in  these  corrosion  and  mass-transfer  effects. 

Hastelloy  X  corrosion  tabs  were  exposed  for 
500  hours  in  two  Cb-lZr  capsules  containing 
boiling- refluxing  potassium  at  1800  -  1700  F  and 
at  1650  -  1350  F,  respectively.  <104b>  The  tabs  in 
the  higher-temperature  test  underwent  solution- 
type  attack  and  intergranular  penetration.  The 
lower- temperature  epccimens  gained  weight,  sug¬ 
gesting  a  transfer  of  material  from  the  Cb-lZr 
capsule  walls  to  the  Hastelloy  X  specimens,  simi¬ 
lar  to  that  found  in  a  comparable  experiment  at 
another  site.^®*^®)  Again,  there  was  no  Indication 
of  what  would  happen  if  these  experiments  were 
repeated  using  ultrapure  potassium. 

3,5.3  Steels 
3,5,3,  1  Stainless  Steel 

Experiments  with  Type  316  stainless  steel 
refluxing  capiules  and  thermal-convection  loops  con¬ 
taining  potassium  boiling  at  1500  to  1600  F  showed 
consistent  patterns  of  slight  weight  losses  from  the 
walls  in  the  hot-liquid  and  hot-vapor  regions  and 
slight  gains  in  the  cold- liquid  regions.  (1 18a,  1 19) 
Typical  data  from  two  such  loops  are  included  in 
Table  3.  8  (Loops  1  and  2).  Highlights  of  the  con¬ 
clusions  from  these  experiments  are: 
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1  ABLifcJ  J,  a,  wap,  kiuvicj  LOOP  THUT  nnCULTS^®^ 


Loop  Material 

Teat 

Time, 

Hour 

Boiler 

(max) 

T  emperature 

Condenser 

F 

Subcooler 

(min) 

Condensing 
Kate, 
g/ min 

Insert  Weight  Changet'1^ 

_ .  ... 

Condenser  Subcooler 

General 
Metallog  r  aplii  c 
Results 

General 

Chemical 

Results 

l.  Typo  31  6  SS 

3000 

1600 

1600 

1250 

180 

-  4 

(non  uniform) 

+  30 

(maximum) 

<b> 

(c) 

2.  Type  316  SS 

3000 

1670 

1,600 

1250 

180 

-  8 

(uniform) 

+90 

(maximum) 

(d> 

(<0 

3.  Inconel 

1500 

1600 

1600 

1250 

180 

-  8 

(uniform) 

+  50 

(maximum) 

(f) 

(c) 

4.  Haynes  Al¬ 
loy  No,  <55 

3000 

1600 

1600 

1250 

180 

-10 

(uniform) 

+40 

(maximum) 

(g) 

(e) 

5,  Haynes  Al¬ 
loy  No,  25 

3000 

1800 

1740 

1470 

300 

-.14 

+70 

(h) 

(e) 

(a)  A  weight  toe*  of  — 1  30  mg/in,  ^  is  equivalent  to  1  mil  of  uniform  surface  removal, 

(b)  Subsurface  voids  at  liquid  level  in  boiler  2  mils  deep,  Surface  roughening  in  condenser  approximately  0,5  mil  deep, 

(c)  Transfer  of  carbon  from  condenser  to  subcooler.  No  preferential  removal  of  iron,  nickel,  or  chromium  from  condenser, 

(d)  Surface  roughening  to  0,  002  inch  in  boiler.  Subsurface  voids  in  condenoer  10  to  12  mils  deep.  Severe  cracking  in 

condenser  at  liquid  level.  Mass-transfer  deposit  in  subcooler  8  mils  deep, 

(e)  Transfer  of  carbon  from  condenser  to  subcooler. 

(£)  Intergranualr  attack  to  20  mils  in  boiler,  15  mils  in  condenser.  Mass-transfer  deposit  in  subcooler  5  mils  deep, 

(g)  Surface  roughening  in  holler  to  approximately  0.5  mil,  Numerous  cracks  in  boiler  at  liquid  level.  Severe  cracking 
in  condenser,  especially  in  weld  cones,  Scattered  mass  transfer  in  subcooler  0,5  mil  thick, 

(h)  Surface  roughness  to  <0,  5  mil  in  depth  in  boiler  and  condenser,  Mass-transfer  deposit  7  mils  deep  in  subcooler.  Cracks 
to  28  mils  in  depth  at  liquid  level  in  condenser. 


(1)  Unstable  boiling  can  subject  the  loop 
tubing  to  thermal  fatigue  ad  a  result  of 
alternate  surges  of  potassium  vapor 
and  liquid  at  the  liquid-vapor  interface 
in  the  condenser  and  boiler.  For 
example,  severe  cracking  occurred  in 
the  condenser  of  Loop  2  (Table  3,  8 
which  operated  unstably  for  3000  hours, 
but  not  in  Loop  1,  which  operated  stably, 

(2)  Dissolutioning  occurs  in  hot  rones  and 
precipitation  of  solids  occurs  in  cold 
zones  of  Type  316  stainless  steel  loops 
operating  with  1670  F  boiling,  1250  F 
Bubcooled  potassium.  However,  these 
effects  are  slight.  For  instance,  the  8 
mg/in.  ^  condenser  weight  loss  in  Loop 
2  (Table  3.8)  is  equivalent  to  a  uniform 
reduction  in  wall  thickness  of  only  0,  06 
mil  during  the  3000-hour  test. 

(3)  In  polythermal  potassium  loops ,  material 
leached  from  hot-zono  Type  316  stainless 
steel  walls  and  deposited  in  the  cold 
zones  appears  to  be  enriched  in  nickel 
and  chromium  and  depleted  in  iron, 

Thus,  the  crystalline  deposits  from  the 
cool  walls  of  Loop  2  (Table  3.  8)  were 
found  to  contain  iron,  nickel,  and 
chromium  in  the  approximate  weight 
ratios  of  50:20:30,  as  compared  with  the 
pretest  Type  316  stainless  steel  composi¬ 
tion  of  70: 12: 18, 


(4)  In  a  Type  316  stainless  steel  boiling- 
condensing  potassium  loop,  carbon  is 
transferred  from  the  condensing  region 
and  subsequently  deposited  and  and  dif¬ 
fused  into  the  subcooler  walls.  In  Loop 
2  (Table  3.8),  for  instance,  a  3-mil 
surface  layer  from  the  1600  F  condensing 
region  dropped  from  a  pretest  carbon 
analysis  of  0.  08  wt  %  to  a  posttest  value 
of  0,  036  wt  %, while  the  1250  to  1400  F 
liquid- submerged  condenser  and  sub¬ 
cooler  surfaces  increased  in  carbon  con¬ 
tent  to  ~0.  5  wt  %.  X-ray  analysis  of 
crystals  from  the  latter  region  yielded 
patterns  matching  Cr^Cf,,  among  other 
things. 

(5)  Under  some  combinations  of  thermal 
history  and  carbon  pickup  in  potassium 
systems,  Type  316  stainless  steel  can  be 
embrittled  by  the  formation  of  a  nearly 
continuous  grain-boundary  carbide  phase. 
ThiB  occurred  in  a  specimen  in  Loop  2 
(Table  3.  8)  exposed  to  liquid  potassium  at 
1290  F  which  showed  a  posttest  room- 
temperature  elongation  at  fracture  of  15.  5 
percent  compared  with  51.  5  percent  for  a 
control  specimen.  All  other  tensile  speci¬ 
mens  (both  carburized  and  decarburized) 
from  this  loop  showed  significant  drops  in 

••I. I  strength,  but  only  slight  changes 
■ir.ition  and  ultimate  strength. 
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Potassium  does  not  appear  to  be  as  corrosive 
to  Type  316  stainless  steel  as  sodium.  This  is 
based  on  progressive  weight  losses  of  removable 
Type  316  stainless  steel  specimens  from  the  hot 
zones  of  identical  loops  containing  sodium  and 
potassium,  as  shown  in  Figure  3.  The 

corrosion  rate  of  the  stainless  steel  decreased 
with  time  in  both  sodium  and  potassium,  apparently 
due  to  selective  leaching  of  constituents  from  the 
steel.  A  ferritic  layer  formed  on  the  exposed 
surfaces  in  both  cases.  At  6000  hours,  the  cor¬ 
rosion  rate  in  1676  F  potassium  was  <10  mg/(cm^) 
(month),  equivalent  to  a  uniform  surface  removal 
rate  of  0.  12  mlls/year.  The  corresponding  rate 
in  sodium  was  three  times  this  value. 


FIGURE  3.8.  SODIUM- POTASSIUM  CORROSION 
COMPARISON.  TAB  WEIGHT  LOSS 
VERSUS  TIME  FOR  TYPE  316 
STAINLESS  STEEL  TABS 
SUSPENDED  IN  SODIUM  AND  PO¬ 
TASSIUM  FLOWING  IN  IDENTICAL 
STAINLESS  STEEL  THERMAL- 
CONVECTION  LOOPS  AT  1575  F 
(475  F  d  T)(98c) 

When  a  Type  316  stainless  steel  rotating 
component,  such  as  the  impeller  of  a  centrifugal 
pump,  is  operated  in  molten  potassium  under 
cavitatlng  conditions,  it  is  more  susceptible  to 
cavitation  damage  than  if  it  were  operating  in 
water.  This  was  demonstrated  by  controlled  ex¬ 
periments  in  which  an  investment  cast  Type  316 
stainless  steel  impeller  showed  no  damage  after 
running  for  300  hours  in  100  F  water  under  cavi- 
tating  conditions,  but  was  pitted  and  tunnelled  to  a 


maximum  depth  ot  BU  mils  alter  350  huuro  in  140G  " 
cavitating  potassium.  U^0)  Detailed  metallographic 
and  chemical  studies  of  the  damaged  impeller  led 
to  the  conclusion  that  such  pitting  is  caused  pri¬ 
marily  by  mechanical  Implosion  forces,  with  es¬ 
sentially  no  contribution  by  chemical  interactions 
involving  potassium. 

Erosion  by  3000-fps  wet  potassium  vapor  im¬ 
pinging  on  Type  316  stainless  steel  is  apparently 
not  as  damaging  as  the  cavitation  described  above. 

In  a  750-hour  test  of  Type  316  Btainless  steel 
simulated  turbine  nozzleB  and  blades  in  a  Type  316 
stainless  steel  loop,  the  only  damage  found  was  a 
amijfeth  shallow  depression  where  the  1280  F  vapor 
(8,3  percent  quality)  impinged  on  the  second- stage 
blade.  (^3f) 

3.  5.  3.  2  Carbon  Steels 


Static,  isothermal  capsule  exposures  of  SAE 
4340  steel  specimens  to  1000  F  potassium  liquid 
and  vapor  for  500  hours  produced  only  small  weight 
losses.  U04b)  Metallographic  examinations  of 
normalized  and  tempered  (RC  33)  SAE  4340  steel 
specimens  following  creep  experiments  in  800  and 
1000  F  potassium  vapor  revealed  decarburization 
of  the  surfaces  on  the  order  of  1  mil  deep  after 
about  1000  hours'  exposure.  (98d,  121)  This  de_ 
carburization  did  not  accelerate  the  creep  noticeably. 
However,  over  longer  periods  of  time,  progressive 
decarburization  of  the  SAE  4340  steel  by  the  potas¬ 
sium  would  be  expected  to  lower  its  creep  resistance. 

This  effect  was  observed  in  creep  experiments 
on  the  air-hardening  tool  steel  H-il  in  800  and  1000  F 
liquid  potassium.  ^1“)  Little  influence  of  the  ex¬ 
posures  on  creep  rate  was  noted  in  short-time  tests, 
but  long  exposures  resulted  in  accelerated  creep. 
Metallography  of  the  specimens  following  long-time 
tests  revealed  pitting  corrosion,  decarburization, 
and  a  surface  coating,  (^8)  The  accelerated  creep 
la  attributed  to  time-dependent  loases  in  strength 
caused  by  heating  near  the  tempering  temperature, 
progressive  decarburization,  and  mild  corrosion. 

3,  5.4  Haynes  No.  25  (or  L-605)  Alloy 
( 50Co-20Cr- 15 W-  10Nl-3Fe-  ISi-  lMn) 

Capsule  and  loop  experiments  indicate  that 
Haynes  Alloy  No.  25,  while  not  completely 
inert  to  potassium  up  to  1900  F,  has  good  resistance 
to  corrosive  attack.  Test  conditions  for  two  Haynes 
Alloy  No.  25  the rmal- convection  boiling-notas slum 
loops  run  for  3000  hours  at  Oak  Ridge(**'l  are  in¬ 
cluded  in  Table  3.  8.  Highlights  of  the  results  are: 
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of  both  loops ,  and  in  the  boiler  at  the 
liquid  level  in  the  1600  F  loop,  were 
attributed  to  thermal  fatigue  resulting 
from  alternate  surges  of  potassium 
vapor  and  liquid  because  of  unstable 
boiling.  Design  of  loops  for  stable 
boiling  should  minimize  this  problem. 

(2)  Dissolutive  attack  of  the  walls  was 
evidenced  by  surface  roughening  (0.  5 
mil  or  less)  in  the  boiler  and  weight 
loss  in  the  condenser.  The  latter  was 
equivalent  to  a  uniform  surface  removal 
of  about  0.  1  mil  in  the  3000-hour  period. 

(3)  Mass  transfer  was  manifested  by  crystal¬ 
line  deposits  on  the  subcooler  walls  - 
noticeably  heavier  in  the  higher  tempera¬ 
ture  loop.  Compared  with  Haynes  Alloy 
No,  25,  these  crystals  were  enriched 

in  chromium,  nickel,  iron,  and  man¬ 
ganese,  and  depleted  in.  cobalt  and 
tungsten. 

(4)  In  both  loops,  carbon  was  depleted  from 
the  hottest  portions  of  the  boiler  and 
condenser  walls  and  deposited  in  the 
subcooler  and  preheater.  For  example, 
surface  carbon,  originally  0.  09  wt  %, 
dropped  to  0.  04  wt  %  in  the  1800  F  con¬ 
denser  and  increased  to  0.  38  wt  %  in 
the  1480  F  subcooler  after  the  3000- 
hour  exposure.  These  changes  in  carbon 
content  increased  the  strength  about 

10  percent  and  decreased  the  ductility 
about  10  percent  as  compared  with  the 
properties  of  control  specimens  which 
were  heat  treated  in  vacuum  or  inert 
atmosphere,  A  0.  5-mil  deposit  in  the 
subcooler  showed  Cr,>3C$  and  CryCj. 

(5)  The  higher  temperature  loop  exhibited 
less  severe  aging  embrittlement  and 
fatigue  cracking  than  the  lower  tempera¬ 
ture  loop. 

These  results  were  generally  corroborated 
by  findings  from  an  extensive  General  Electric 
program  involving  1250  to  1850  F  potassium  in 
Haynes  Alloy  No.  25  static  capsules,  refluxing 
capsules,  and  a  thermal-convection  (single-phase) 
loop.  O04c,124)  There  are  two  major  differences 
between  these  tests  and  the  Oak  Ridge  work: 

(1)  General  Electric  had  no  boiling  instabilities, 
and  (2)  their  capsules  and  loop  contained  zirconium 
or  Cb-lZr  Inserts  as  getters,  Consequently,  the 
General  Electric  loop  did  not  develop  fatigue 
cracks,  in  spite  of  operating  over  1000  hours  arid 
then  being  given  ten  2-hour  thermal  cycles  be¬ 
tween  1850  and  400  F  and  two  cycloe  to  room 
temperature. 
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prevent  carburization  (and  possible  embrittlement) 
of  the  cooler  zones  of  the  Haynes  Alloy  No.  25.  It 
was  found  that  essentially  all  of  the  carbon  and 
nitrogen  were  removed  from  the  Haynes  Alloy  No, 

25  walls  throughout  the  system  and  taken  up  by  the 
getters  (Table  3.  9),  with  no  significant  effects  on 
the  strength  or  ductility  of  the  Haynes  Alloy  No.  25. 
Thus,  it  is  feasible  to  use  a  Cb-lZr  or  zirconium 
hot  trap  in  a  potassium  loop  made  of  Haynes  Alloy 
No.  25. 

Aging  embrittlement  of  Haynes  Alloy  No.  25 
from  prolonged  heating  in  the  1250  to  1750  F 
temperature  range,  with  or  without  exposure  to 
potassium,  is  considered  to  be  a  very  serious 
limitation  of  this  alloy  in  practical  heat-tranBfer 
systems.  The  poor  room-temperatur e  ductility 
of  the  aged  material  enhances  the  probability  of 
cracking  during  atandby  periods, 

As  a  turbine  nozzle  or  blade  material,  Haynes 
Alloy  No.  25  has  good  resistance  to  erosion  by 
1280  F  wet  potassium  vapor.  This  was  demon¬ 
strated  by  a  1679-hour  test  of  Haynes  Alloy  No,  25 
simulated  turbine  nozzles  and  bladeB  in  a  Type  316 
stainless  steel  loop,  where  the  only  damage  ob¬ 
served  was  a  smooth  shallow  depression  at  the  im¬ 
pingement  area  of  the  wettest  <83  percent  quality) 
vapor.  (93f) 
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3,6  BEARING  MATERIALS 

Several  studies  have  been  undertaken  to 
evaluate  materials  for  rubbing- surface  applicatione 
in  space  power  systems  where  potassium  is  the 
working  fluid.  (93g»  104b,  109,125)  jn  general, 
screening  tests  using  weight  changes  and  metallo- 
graphic  examinations  as  rating  criteria  have  not 
been  very  discriminating,  because  none  of  the 
candidate  materials  underwent  gross  corrosion 
under  the  test  conditions  (temperatures  to  1600  F 
and  test  periods  to  1000  hours),  More  significant 
perhaps,  is  the  ability  of  a  pair  of  mating  materials 
to  resist  wear  and  frictional  overheating  when 
lubricated  by  hot  potassium. 

At  Battelle,  it  was  found  that  the  presence 
of  reaction  products  of  the  type  NaxMyOz  in  the 
form  of  surface  films  can  provide  effective  lubri¬ 
cation  and  protection  against  gross  surface  damage 
of  certain  pairs  of  materials  rubbing  together  in 
sodium.  An  Investigation  was  carried  out  to 

see  under  what  conditions  analogous  beneficial 
compounds  form  in  potassium  systems.  The 

study  employed  differential  thermal  analysis  to 
tell  (1)  whether  a  particular  material  reacts  with 
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TABLE  3.9.  OXYGEN,  NITROGEN,  AND  CARBON  TRANSFER  TO  ZIRCONIUM,  Cb-lZr,  AND  Mo-0.  5Ti 
ALLOYS  IN  A  HAYNES  ALLOY  NO.  25<»)  CONVECTION  LOOP  CONTAINING  1485-1850  F 
POTASSIUM(fe)  FOR  1309  HOURS1 1241 


wm 

Estimated 

Increase, 

Ni,<c) 

wt% 

Estimated 

Nt  Increase, 

m 

SB 

Estimated 

C  Increase 

Material 

Initial 

10‘4lb 

Initial 

wanm 

Initial 

10"4  lb 

Zr<d> 

Top 

Bottom 

0.  065 

0.  35 
0.43 

2.  46 

0.0  30 

0,079 
0.  134 

0.  58 

0.006 

0.  18 

0.  17 

1.  31 

Cb-l  Zr(®) 

Top 

Bottom 

0.050 

0.058 

0.  101 

0.  09 

0,  0  30 

0,  040 
0.043 

0.03 

0.025 

0.  13 

0.  15 

0.  34 

Mo-0.  STi!1'  , 
Top 

Bottom 

0.  010 

0,011 

0.  021 

0.  006 

0,  001 

0. 002 
0.004 

0,003 

0.035 

0,  25 

0.  23 

0.  22 

(a)  Internal  surface  area  about  133  in.  2  (including  specimen);  loop  volume  about  21,  4  in,  3 

(b)  About  0,48  pound  at  1850  Fi  slagged,  filtered,  distilled  to  <100  ppm  oxygen,  and  hot  trjfped  during  loop 
operation, 

(c)  Average  of  two  analyses.  , 

(d)  Two  pieces,  3  inch  x  7/8  inch  x  1/16  inch,  total  surface  area  about  10,  5  in,  6 

(e)  3-1/8  inch  x  1-1/2  inch  x  0,  020  inch,  total  surface  area  about  9.  5  in,  J 

(f  i  3-1/8  inch  x  l-i/2  inch  x  0,006  inch,  total  surface  area  about  9,5  in. 
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potassium  at  temperatures  to  1400  P,  (2)  if  so, 
at  what  temperature  the  reaction  occurs,  and 
(3)  whether  the  roaction  is  exothermic  or  endo¬ 
thermic  and  how  strong  it  is, 

The  materials  tested  and  the  results  are 
shown  in  Table  3.  10.  It  was  found  that  oxides 
of  the  form  MO,j,  MOj,  or  M2Oj  were  generally 
too  reactive  to  form  stable,  adherent  films  in  the 
presence  of  potassium.  The  MO  types  apparently 
did  not  react  at  all,  and  of  the  two  M^Oj  types 
examined  (V^Oj  and  Al^Oj),  'i did  not  react 
and  Al^Oj  formed  what  appeared  to  be  suitable 
potassium  aluminato  surface  films. 

The  friction  and  wear  resistance  of  selected 
pairs  of  materials  were  measured,  using  a 
potassium-lubricated  ball-on-plate  sliding  friction 
tester  at  temperatures  from  400  to  1400  j', ( 109) 
The  materials  tested  and  their  sliding  behavior 
are  summarised  in  Table  3.  11.  Most  of  the 
materials  were  coated  with  a  stable  reaction- 
product  film  when  removed  from  the  apparatus 
after  exposure  to  potassium,  and  this  film  pro¬ 
tected  the  surfaces  from  galling  and  reduced  the 
kinetic  friction.  Of  the  two  commercial  cermets, 
Materials  13  and  C,  the  one  with  the  lower  per¬ 
centage  of  metal  binder  (Material  B)  was  more 
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resistant  to  galling.  The  performance  of  the 
chromium-bonded  alumina  cermet  could  undoubtedly 
have  been  improved  by  increasing  the  proportion  of 
alumina  in  iti  composition,  since  it  had  mostly 
metal  phase  in  sliding  contact  during  the  tests, 

More  alumina  in  contact  would  have  provided  im¬ 
proved  resistance  to  galling  and  surface  damage, 

At  General  Electric,  a  program  is  in  progress 
to  evaluate  candidate  materials  for  potassium- 
lubricated  journal  bearings.  At  the  time  of  this 
wilting,  the  results  of  corrosion,  dimensional 
stability,  thermal  expansion,  and  hot-hardness 
tests  on  14  candidate  materials  had  been  re¬ 
ported.  (95g,l25)  Additional  properties  being  in¬ 
vestigated  include  compressive  strength,  modulus 
of  elasticity  in  compression,  wetting  characteristics 
with  potassium,  and  friction  and  wear  of  selected 
couples  in  potassium  and  high  vacuum.  The  candi¬ 
date  materials  are  listed  in  Table  3,  12. 

Table  3.  13  shows  the  effect  of  exposing 
samples  of  these  materials  to  high-purity  potassium 
(<15  ppm  ,  by  mercury  amalgamation)  liquid 
and  vapor  for  1000  hours  in  Cb-lZr  capsules, 
Posttest  metallography  showed  no  deleterious  ef¬ 
fects  on  any  of  the  materials,  except  what  appears 
to  be  intergranular  attack  of  the  Zircoa  1027  and 
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TABLE  J.  10. 


^,4+ttrrt  R1  NOMA  T  E  R 1 A  LS 

SUMMARY  OF  REACTION  DATA  FOR  DENSE  OXIDE  BODIES  EXPOSED  TO  POTASSIUM  IN 
DTA  EXPERIMENTS*109' 


Specimen 

Heating 
Rate , 
F/min 

Reaction 

Temp, 

F 

Extent  of 
Reaction 
Exotherm, 

F  Analytical  Results  and  Comments 

Sin 

gle  Oxides 

Mo02 

40 

850,  1175 

20 

Several  exotherms,  20  F  maximum,  some  during 
second  run;  body  partially  decomposed;  reaction 
formed  K2Mo04  and  Mo  on  the  surface;  K2Mo04, 
Mo,  and  Mo02  detected  beneath  surface 

Ti02 

20 

740,  1075 

15,  2 

Products  contained  K2Ti03  and  an  unknown;  body 
fragmented 

Nb205 

20 

755,  820, 
840,  9  35 

40,  20, 
10,  10 

Several  exotherms  on  first  heating;  body  frag¬ 
mented;  products  included  Nb 

Ta205 

20 

730-1050 

35 

Body  fragmented 

Zr02<*' 

20 

200-850 

7 

Body  undamaged  but  discolored;  analyses  showed 
no  change  In  composition  except  for  increase  in 
potassium  from  <10  ppm  to  2000  ppm;  a  potas¬ 
sium  slrconate  probably  formed 

Al2O30>) 

20 

320-890 

1 

Body  undamaged;  reaction  products,  If  any,  un¬ 
identified  by  X-ray  diffraction 

A1203(=) 

20 

300-1100 

<1 

Body  undamaged;  surface  coated  with  a  water- 
soluble  aluminum  compound,  presumably  a 
potassium  aluminate 

A12Oj0») 

20 

780 

<1 

Body  undamaged  after  DTA  plus  200-hour  exposure 
to  1350  F  potassium;  surface  coated  with  a 
water-soluble  aluminum  compound,  presumably 
a  potassium  aluminate 

Al203(d> 

20 

** 

Body  undamaged;  no  reaction  detectable  by  DTA; 
surfaces  coated  with  a  water-soluble  aluminum 
compound 

ai2o3(«) 

20 

880-1100 

2 

Body  undamaged;  aluminum 'potassium  compound 
detected  on  surfacee 

BeO 

20 

- 

- 

Body  undamaged;  no  evidence  of  a  reaction 

MgO 

20 

800 

<1 

Body  undamaged;  no  evidence  of  a  reaction 

sio2 

20 

400-1200 

2 

Body  fragmented 

Th02 

20 

1000-H00 

25 

Body  severely  cracked;  potassium  compound  on 
surfaces,  and  overall  potassium  content  in¬ 
creased  from  <10  ppm  to  about  10,000  ppm 

y2o3 

20 

500 

2  Body  undamaged;  no  evidence  of  a  potassium  com¬ 

pound  formation 

Mixed  Oxides 

85  wt%  Nb205- 
15  wt%  Ti02 

20 

715 

200 

Body  fragmented 
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TABLE  3,  10.  (Continued) 


Specimen 

Heating 
Rate  , 
F/min 

Reaction 

Temp, 

F 

Extent  of 
Reaction 
Exotherm,  F 

Analytical  Results  and  Comments 

Mixed  Oxides  (Continued) 

88  wt%  Zr02- 
12  wt%  Y203 

20 

1400 

1 

Body  undamaged;  slight  evidence  of  a  potassium- 
zirconium  reaction 

CaO  •  ZrO^ 

20 

- 

- 

Body  undamaged;  no  evidence  of  a  reaction 

MgO  •  A12Oj 

20 

1200 

<1 

Body  undamaged;  evidence  of  a  potassium- 
aluminatu  formation  on  surfaces 

99.  7  wt%  A12Oj- 
0.  3  wt%  MgO 

20 

900 

<1 

Body  undamaged;  very  slight  evidence  of  a 
potassium-aluminum  oxide  reaction 

3Al203  ’  2Si02 

20 

410 

1 

Body  crumbled;  strong  evidence  of  potassium 
aluminate  and  potassium  silicate  formations 

99.  5  wt%  A12Oj- 
0,5  wt%  sio2; 

20 

660 

<1 

Surface  cracks  in  body;  strong  evidence  of 
potassium  aluminate,  and  slight  evidence  of 
potassium  silicate  formations 

Molybd 

enum  Fiber-Reinforced  Oxide  Bodies  (Blended  Before  Bonding) 

Mo02 

(ll  vot%  Mo) 

40 

610  to  1170 

20  to  15 

Reaction  of  relatively  extensive  duration!  body 
severely  decomposed 

MoO, 

(7  vol%  Mo) 

40 

585 

25 

Reaction  mild  during  cooling  and  second  heating; 
body  swelled  and  decomposed;  K2Mo04,  Mo, 
and  M0O2  formed 

M0O3  (7  vol%  Mo)  40 

475 

290 

Body  swelled  and  decomposed 

WO  1 

(8  vol%  Mo) 

40 

600 

100 

Reaction  apparently  complete  during  first  heating; 
body  decomposed 

WO  1 

(8  vol%  Mo) 

40 

520  to  1010 

220 

Reaction  of  extensive  duration;  peak  a T  at  820  F; 
body  decomposed 

Tuntisten  Fiber-Reinforced  Oxide  Body  (Blended  Before  Bonding) 

WO3 

(3  vol%  W) 

47 

750  to  990 

165 

Relatively  mild  exotherms  during  second  heating; 
body  decomposed 

Pressure-Bonded  Composite 

Bodies  (75  Vol%  Mo  Matrices) 

MoO^ 

(blended) 

40 

670 

16 

Several  small  exotherms  observed  during  four 
successive  heatings;  body  swelled;  products  in¬ 
cluded  K2Mo04,  Mo,  and  an  unknown 

WO  )  (blended) 

20 

730 

32 

Body  decomposed 

K2Mo04 

(infiltrated) 

20 

- 

- 

No  thermal  activity  observed;  body  swelled, 
cracked,  lost  weight 

KiMu04 

(blended) 


No  thermal  activity  observed;  body  swelled, 
cracked,  lost  weight 


20 
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TABLE  3,  10.  (Continued) 


Specimen 

Heating 
Rate , 

F 1  min 

Reaction 
Temp , 
F 

Extent  of 
Reaction 
Exotherm,  F 

Analytical  Results  and  Comments 

Pressure' 

•Bonded  Composite  Bodies 

(75  VolTo  Mo  Matrices)  (Continued^ 

k2wo4 

(Infiltrated) 

20 

- 

- 

No  thermal  activity  observed;  body  swelled,  lost 
weight 

k2wo4 

(blended) 

20 

- 

- 

No  thermal  activity  observed;  body  swelled, 

cracked,  lost  weight 

Commercial  At: 

?Oi  Cermets^ 

23Al203  - 
77Cr 

20 

700 

<1 

Body  undamaged;  evidence  of  potassium  aluminate 
formation  on  and  beneath  surfaces 

19A1203  - 
59Cr  - 
20Mo-2TiO2 

20 

1150 

1 

Body  undamaged;  evidence  of  potassium  aluminate 
formation  on  and  beneath  surfaces 

15A1203  - 
25Cr  -  60W 

20 

850 

1 

Body  undamaged;  evidence  of  potassium  aluminate 
formation  on  and  beneath  surfaces 

4OAI2O3  * 

60MO 

20 

900 

2 

Body  undamaged;  evidence  of  potassium-aluminum 
and  potassium-molybdenum  compound  forma¬ 
tions  on  surfaces 

Specially  Fabricated  Al?Oi  Cermet^ 

34A1203  - 
53Cr  - 
1 3  Mo 

20 

200-900 

1 

Body  undamaged)  reaction  indicated  on  second 
heating  in  300  to  500  F  range;  considerable 
evidence  of  potassium  aluminate  formation  on 
surfaces 

(a)  Stabilized  with  approximately  10  weight  percent  CaO. 

(b)  99.8  weight  percent  AI2O3  -  0, 15  weight  percent  MgO,  large  particlei  (~50  micron). 

(c)  99.7  weight  percent  AI2O3  -  0. 1  weight  percent  K,  email  particle*  1  micron). 

(d)  Sapphire, 

(e)  99.  8  weight  percent  AI2O3  -  0.  3  weight  percent  Na, 

(f)  Compoeitione  are  given  in  approximate  weight  percent!. 

(g)  Two  apecimeni  were  exposed  -  one  in  liquid  potassium,  the  other  in  potassium  vapor.  The  reaction 
data  apply  to  the  liquid -exposed  specimen,  but  approximately  equal  amounts  of  the  potassium  aluminate 
compound  were  detected  on  each  after  exposure. 
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TABLE  3.  11.  RESULTS  OF  SLIDING  EXPERIMENTS  IN  VACUUM  AND  POTASSIUM  ENVIRONMENTS* 109) 


imenW 

Sliding  Behavior 

at  1000  to  1400  F 

Bail 

Flat 

In  V acuum 

In  Potassium 

A 

A 

Severe  galling  and  scoring 

Severe  galling  and  Bcoring 

A 

B 

Severe  galling  and  scoring 

Severe  galling  and  scoring 

B 

B 

High  friction;  chipping  of  carbide 

Good  boundary  lubrication  in  potassium  vapor 

B 

C 

Good  resistance  to  galling 

Good  boundary  lubrication  in  potassium  vapor 

B 

D 

Some  scoring  of  alumina  at  1400  F 

Good  boundary  lubrication  in  potassium  vapor 

D 

D 

Some  galling  and  material  transfer 
at  1400  F 

Good  boundary  lubrication  in  potassium  vapor 

C 

C 

Galling  and  scoring  of  chromium 
phaae  1200  to  1400  F 

Good  boundary  lubrication  in  potassium  vapor 

(a)  Specimen  material! 

A  =  Unalloyed,  wrought  molybdenum 
B  =  54TiC-6NbC-33.3Ni-6.7Mo 
C  a  77Cr-23Al203 

D  =  Polycrystulline  cr -aluminum  oxide  of  over  99  percent  of  theoretical  density. 


TABLE  3.  12.  CANDIDATE  BEARING  MATERIALS*9  3S) 


Material  Class 

A.  Nonrefractory  Metals  and  Alloys 

B.  Refractory  Metals  and  Alloys 


C,  Fo-Ni-Co  Bonded  Carbides 


Candidate  Material 


Star  J 

Mo-TZM  (arc  cast; 
stress  relieved) 

Tungsten  (arc  cast; 
stress  relieved) 

Carboloy  907 
Carboloy  999 
K601 


_ Nominal  Composition,  percent 

17W-32Cr-2.  5Ni-3Fe-2.  5C.-bal  Co 
0.  5Ti-0.  08Zr-0.  02C-bal  Mo 

99.96W  (minimum) 

74WC-20TaC-6Co 

97WC-3Co 

84.  5W-10Ta-5.  5C 


D.  Refractory  Compounds  -  Oxides, 
Carbides,  Borides 


Lucalox 


Zircoa  1027 
Titanium  carbide 
Titanium  diboride 


99.  8AI2O3  (minimum)  -  0,  lMgO-O.  02 
SiO2-0.  02CaO-0.  02Fe2O3 

95. 5Zr02-bal  proprietary 
94T1C-4.  25WC-0.  9Ni-0.  IFe-O.  68C0 
98TiB2-0.  39F e-0.  30C 


E.  Refractory-Metal  Bonded  Carbides 


TiC  +  5W 
TiC  +  lOMo 
TiC+lOCb 


90T1C-4.  79WC-5W-0.  36Fe 

85.  4T1C-10.  5Mo-  3. 99WC-0.  13Fe 

83.  6TiC-9.  54Cb-5.  85WC-0.  73Co- 

0.  3  3Fe 


Grade  7178 
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TABLE  3.  13.  DIMENSIONAL  AND  WEIGHT  CHANGES  OF  SPECIMENS  EXPOSED  TO  POTASSIUM  For 
1000  HOURS  AT  1600  F  IN  Cb-lZr  CAPSULES  (125> 


Material^ 

Maximum 
Dimensional 
Change ,  (b) 
percent 

Maximum 
Weight 
Change,  (c) 
mg 

Initial 
Weight,  (d) 

8 

Remarks 

Carboloy  999 

-0.  151 

-10.9  (D 

31.  6 

Weight  loss  caused  by  migration  of  carbon  to 

capsule  walls 

Carboloy  907 

+0.  290(e) 

-  3.  0  (L) 

30.  5 

Weight  loss  caused  by  migration  of  carbon  to 
capsule  walls 

Mo-TZM 

-0.  081 

-  0.7  (L) 

20.  6 

- 

Tungsten 

-0,044 

-  0.4  (V) 

39.  5 

- 

Lucalox 

+0.  185 

+  6.4  (V) 

8.  2 

Surface  reaction  and  possible  formation  of 

kaio2 

Zlrcoa  1027 

+0.794 

+23.  3  (V> 

11.9 

Weight  gain  caused  by  reaction  with  K:  color 
change  from*  red-brown  to  blue-black 

K-601 

+0,083 

-11.4  (L)(f> 

32.9 

- 

TIC 

-0.  007 

-  0.  7  (JL) 

10.  2 

- 

T1C-5W 

+0,024 

-  1.6(V) 

10.7 

Considerable  porosity 

TiC-lOMo 

+0.  024 

-1.3  (V)M 

11.2 

- 

TiC-lOCb 

+0,002 

-  1.4  (V)(*> 

10.  8 

- 

Grade  7178 

+0,072 

-  4.  6  (L)(f) 

29.7 

- 

Star  J 

+0.  250 

-  9.2  (L) 

18.  2 

Growth  due  to  aging  reaction;  weight  change 
from  loss  of  carbon 

TiB2 

-0.  028 

+  1.5  (L) 

8.  5 

Considerable  poroBity 

(a)  See  Table  3,  12  Tor  compositions, 

(b)  Nominal  dimensions  were  1/4  x  1/4  x  2  inches.  In  all  cases  except  TiG  and  TiC-lOCb,  maximum 
percent  change  occurred  in  a  1  /4-inch  direction, 

(c)  Specimens  exposed  to  liquid  (L)  and  vapor  (V)  were  weighed,  and  greater  change  listed. 

(d)  To  nearest  0.  1  gram, 

(e)  Growth  thought  to  be  from  surface  reaction  with  contaminated  atmosphere  after  testing. 

(f)  Specimen  edges  or  corners  chipped, 


POTASSIUM 


BEARING  MATERIALS 


76 


liie  general  surface  reaction  on  tne  Lucalox,  con¬ 
siderable  carbide  precipitation  occurred  in  the 
Star  J.  No  significant  changes  in  metallic- impurity 
content  of  the  potassium  were  found  following  the 
tests,  except  for  some  chromium  and  iron  in  the 
potassium  that  was  used  with  the  Lucalox  speci¬ 
mens  (presumably  from  impurities  in  the  Lucalox). 

In  addition  to  the  data  shown  in  Table  3,  13, 
information  on  the  dimensional  stability  of  these 
materials  at  800,  1200,  and  1600  F  was  obtained 
in  high  vacuum  (10"9  torr).  Zircoa  1027  and 
Star  J  wore  the  only  materials  to  exhibit  signifi¬ 
cant  dimensional  changes  after  1000  hours  at 
1600  F  (+0.4  and  +0.  06  percent,  respectively). 

Only  Zircoa  1027  ahowed  significant  dimensional 
changes  at  the  lower  temperatures. 
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4.  LITHIUM 

4.  1  GENERAL  COMPAT ABILITY  OF 
MATERIALS 


Over  the  past  few  years,  considerable  in¬ 
formation  regarding  the  corrosion  of  metals  by 
lithium  has  been  developed.  A  significant  portion 
of  this  information  has  been  obtained  on  columbium- 
base  alloys,  with  the  preponderance  on  the  Cb- 
lZr  alloy.  The  refractory  metals  exhibit  good 
resistance  to  attack  by  high- purity  lithium  at 
temperatures  up  to  about  2200  F.  Above  this 
temperature,  data  are  sparse.  The  corrosion  re¬ 
sistance  of  the  columbium-base  alloys  to  lithium 
is  reduced  by  the  addition  of  oxygen  to  the  lithium, 
the  columbium  itself,  or  the  atmosphere.  Alloying 
of  the  columbium  with  a  small  amount  of  an  oxygen 
getter,  such  as  zirconium  or  hafnium,  decreases 
the  sensitivity  to  oxygen  contamination.  The 
solubilities  of  a  number  of  materials  in  lithium, 
were  determined  by  Pratt  &  Whitney, and 
are  shown  in  Figure  4.  1.  It  appears  that  these 
solubilities  are  rather  limited  and  increase 
slowly  with  temperature.  The  weight  changes, 
surface  roughening,  mass  transfer,  and  grain 
boundary  attack  which  have  been  observed  below 
2200  F  are  generally  attributable  to  impurity  ef¬ 
fects  and  to  dissimilar  materials  in  the  system. 
Figure  4.  2  indicates  the  corrosion  resistance 
to  lithium  of  a  number  of  potentially  useful  con¬ 
tainer  materials. 
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TemDerafure.  F 


FIGURE  4. 1.  SOLUBILITY  OF  SOME  METALS  IN 

LITH1UMU28) 


Nitrogen  contamination  25  to  150  ppm 


Iron 

Low-alloy  tfooli 

Forrltle  (Fo-Cr) 
Stainless  steels 
Auottnltie  (Fo-NI-Cr) 

Stainless  stools 

Nickel 

Niekol-baso  alloy* 
(Inconel) 

Rtf  factory  mstols 
(Mo,  Nb,To,Zr,TI,W,V) 
Proclout  metols 
(Ag.Au.Pt) 


Temperature,  F 

300  1000  1300 


IF  low  rot#  <  lOfpm 
Temp  gradient,  ~200F 
Pip*  tlio,~0.7-ln.  10 


FIGURE  4.2.  CORROSION  RESISTANCE  OF 

VARIOUS  METALS  AND  ALLOYS  TO 
LITHIUM^®) 
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LITHIUM 


4,  2.  COLUMBIUM  ALLOYS 

4  1  Compatibility  -  General 

The  corrosion  of  columbium  alloys  by 
lithium  is  generally  predicated  on  the  presence 
of  oxygen  either  in  solution  in  the  lithium  or  the 
metal,  or  existing  on  the  columbium  walls  in  the 
form  of  an  oxide  film  or  perhaps  as  an  adsorbed 
gas.  In  ungettered  alloys  and  in  some  gettered 
alloys  with  high  oxygen  contamination,  the  oxygen 
readily  combines  with  both  the  lithium  and  various 
constituents  of  the  columbium  alloys  to  form  com¬ 
plex  oxides,  which  are  capable  of  dissolution  in 
lithium.  In  some  cases,  interstitial  impurities 
concentrated  at  the  grain  boundaries  are  pre¬ 
ferentially  leached  out  of  the  alloy,  thus  producing 
grain- boundary  penetration. 

4.  2.  2  Unalloyed  Columbium 

Because  of  its  availability,  good  fabricabi- 
lity,  and  corrosion  resistance  to  lithium  as  re¬ 
ported  by  Pratt  k  Whitney029)  (Table  4.  1), 
columbium  has  been  studied  extensively.  How¬ 
ever,  later  work  indicated  that  lithium  penetra¬ 
tion  could  occur  under  the  proper  conditions. 
Examination  of  a  forced  convection  loon  operated 
at  1600  F  for  23  hours  at  Oak  Ridgel^S,  130) 
revealed  general  attack  in  the  welded  regions  and 
a  random  type  of  corrosion  in  other  areas.  These 
results  led  to  an  extensive  evaluation  of  the  ef¬ 
fects  of  impurities  on  the  corrosion  resistance  of 
columbium.  Hoffman  at  Oak  Ridged  3  U  demon¬ 
strated  that  the  oxygen  concentration  in  colum¬ 
bium  was  a  principal  variable  governing  the  ex¬ 
tent  of  penetration  by  lithium.  Additions  of 
oxygen,  nitrogen,  and  carbon  to  columbium  indi¬ 
cated,  as  shown  in  Table  4.  2,  that  the  attack  is 
quite  insensitive  to  the  amounts  of  the  latter  two 
interstitials. 

The  effect^2®^  of  lithium  penetration  on 
the  mechanical  properties  of  columbium  is  il¬ 
lustrated  in  Figure  4.  3,  These  results  Indicate 
that,  although  the  tensile  strength  of  heat-treated 
columbium  increases  and  the  ductility  remains 
essentially,  constant  with  increasing  oxygen  con¬ 
centration,  exposure  to  lithium  results  in  a  de¬ 
crease  in  both  tensile  strength  and  elongation. 

The  columbium  also  displays  a  significant  loss  of 
hardness  upon  exposure  to  lithium,  as  reflected 
in  Figure  4.  4.  It  is  apparent  that  the  area  in  the 
vicinity  of  the  corrosion  "front"  exhibits  a  hard¬ 
ness  peak.  Although  the  corrosion  product  could 
not  be  identified  positively,  oxygen  was  found  to 
be  a  constituent,  and  it  was  conjectured  that  this 
corrosion  product  consisted  of  a  lithium- 
columbium- oxygen  compound. 


Other  teHt  variables  investigated  include 
temperature,  time,  grain  size,  heat  treatment, 
deformation,  and  lithium  purity.  Although  oxygen 
is  the  controlling  variable  in  the  corrosion  process, 
other  variables  are  also  significant.  With  oxygen 
concentrations  in  the  columbium  of  Icbs  than  500 
ppm  (Table  4.  3),  lithium  penetration  does  nut 
occur  under  certain  test  conditions.  At  oxygen 
concentrations  above  500  ppm.tempe rature  is  the 
predominant  variable. 

Oak  RidgeU^)  observed  that  the  rate  of 
lithium  penetration  of  columbium  proceeds  rapidly 
and  reaches  a  maximum  depth  in  less  than  a  hour's 
exposure  over  a  wide  range  of  temperatures.  The 
depth  of  attack  is  strongly  dependent  upon  the  same 
variables  which  affect  oxygen- removal  rateB,  such 
as  grain  size  and  initial  oxygen  concentration.  No 
difference  in  the  depth  of  attack  is  observed  at 
1500  F  in  specimens  containing  1000  ppm  oxygen 
for  exposures  from  1  to  500  hours,  Chemical 
analysis  showed  that  oxygen  removal  continued  up 
to  100  hours,  Comparison  of  hardness  profiles^®) 
(Figure  4.5)  across  the  above  specimens  shows  a 
•harp  gradient  in  specimens  tested  less  than  100 
hour*. 

Investigation!!  at  Pratt  At  Whitney^12^  indi¬ 
cate  that,  although  unalloyed  columbium  shows  no 
thermal-gradierR-uiass-transfer  effects  in  forced- 
convection  lqpfli,  it*  employment  as  a  container 
material  for  high-temperature  lithium  is  seriously 
limited  by  localized  penetration  corrosion.  The 
reaction  of  lithium  with  unalloyed  columbium,  con¬ 
taining  in  excess  of  approximately  300' ppm  oxygen, 
results  in  attack  along  grain  boundaries  and  the 
{110}  crystal  planes.  This  is  illustrated  in 
Figure  4,  6.  Corrosion  effects  are  noted  in  unal¬ 
loyed  columbium,  unless  the  oxygen  content  of  the 
columbium  is  reduced  below  50  ppm. 

4,2,  3  Columbium- 1  Zir conium  Alloys 

A  substantial  research  effort  has  been  ex¬ 
pended  in  studying  the  behavior  of  the  colurnbium- 
zirconium  alloys  in  lithium.  The  majority  of  these 
investigations  were  conducted  at  Pratt  k  Whit¬ 
ney,  (1“>»129,132,133)  jn  forced- convection  loops , 
and  at  Oak  Ridge,  ( 1 28 >  130,131,134,  135)  Almost 
all  of  the  data  presented  here  on  the  Cb-lZr  alloy 
were  obtained  from  the  above  references. 

Oak  Ridge  made  syste.  atic  additions  of 
oxygen  to  the  Cb-lZr  alloy  at  1830  F  and  subse¬ 
quently  exposed  the  material  to  lithium  for  100 
hourB  at  1500  F.  Attack  similar  to  that  obtained 
with  unalloyed  columbium  was  observed,  although 
heat  treating  at  2370  F  eliminated  this  problem. 

It  was  concluded  that  an  oxygen-to- zirconium  atomic 
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TABLE  4.  i,  SUMMARY  ut  kli  haC  xuki  Mt  l  AL-i.il  tllUM  i  UKtt,L)-oUN  v  toi  lUN 
LOOP  TESTS^12^) 


Material 

Maximum 

Temperature, 

F 

Thermal 

Gradient, 

F 

Velocity, 

fps 

Total  Test 
Time ,  hour 

Extent  of 
Attack  and 
Deposition 

Titanium 

1400-1500 

200 

13 

1082 

Light<a) 

Zirconium 

1500-1600 

200 

13 

1070 

Nil(b> 

CoLumbium 

1500-2000 

200-400 

10-50 

8233 

Nil<c> 

Tantalum 

1500-1800 

200-400 

3-13 

2261 

Nil<b> 

Vanadium 

1600 

400 

13 

1194 

Nil 

Mo-0.  5Ti 

1500 

200 

13 

694 

Nil 

(a)  High  nitrogen  in  pretest  lithium, 

(b)  Carbide-nitride  phase  precipitate, 

(c)  Nitride  deposits  in  early  testa  containing  contaminated  lithium. 


TABLE  4.  2.  DEPTH  OF  ATTACK  AS  A  FUNCTION 
OF  OXYGEN,  NITROGEN,  and  CAR¬ 
BON  IN  COLUMBIUM  EXPOSED  TO 
LITHIUM  FOR  100  HOURS  AT 
1500  F<131> 


Maximum  Depth 
of  Attack, 
mils 

Initial  Concentration 

i  Ppm  — 

Oxvaen 

Nitrogen 

Carbon 

0 

160 

80 

30 

1 

500 

80 

30 

3 

650 

80 

30 

4 

1000 

80 

30 

10 

1700 

80 

30 

0 

60 

50 

7 

0 

60 

600 

7 

0 

60 

1350 

7 

0 

40 

60 

500 

0 

40 

60 

1000 

0  900  1000  1900 

Oxygen  Concentration,  ppm 


FIGURE  4.  3.  EFFECT  OF  INITIAL  OXYGEN 
CONCENTRATION  ON  THE  ME¬ 
CHANICAL  PROPERTIES  OF 
COLUMBIUM  FOLLOWING  HEAT 
TREATMENT  IN  ARGON  AND  EX¬ 
POSURE  TO  LITHIUM  AT  1500  F<128> 


Specimen  thickness;  0.040  inch 


Hardness,  DPH  (200-G  Load) 


LITHIUM 


COLUMBIUM  ALLOYS  LITHIUM 


COLUMBIUM  ALLOYS 


a  200 
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I  ;  I  li 


8efor#  test  (3000  ppm  oxygen) 
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Corroiion  product  "(rout" 

.JU_L_.  I  i 


After  tnt 


0  10  20  30  |  SO  20  10  0 
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Distance,  milt 

FIGURE  4.  4,  HARDNESS  PROFILE  ACROSS 

COLUMBIUM  SPECIMEN  BEFORE 
AND  AFTER  EXPOSUR^TO 
LITHIUM  FOR  100  HOURS  AT 
1500  F<128) 


k  -  - 0,040  In - k 

Edge  of  Center  Edge  of 

specimen  ipeclmen 

FIGURE  4,  5,  HARDNESS  PROFILE  ACROSS 
COLUMBIUM  SPECIMENS  FOL¬ 
LOWING  EXPOSURE  TO  LITHIUM 
FOR  VARIOUS  TIMES  AT 
1500  F(128' 


FIGURE  4.  6.  PHOTOMICROGRAPH  OF  TYPICAL 
LITHIUM  ATTACK  ON  UNALLOYED 
COLUMBIUM<129> 

LCCS-  1 ,  1600  F  aone;  tested  177 
hours. 
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TABLE  4.  3.  LITHIUM  PENETR^QN  OF  COLUMBIUM  CONTAINING 
<5t)U  PPM  OXYGEN’""''' 


Initial  Oxygen 

- - 

Test  Variables 

Depth  of 

Concentration, 

ppm 

Temperature, 

F 

Time, 

hours 

Pretest 

Heat  Treatment 

Attack, 

mils 

150 

1500 

100 

Annealed  1  hour  at  1832  F  in 

vacuum 

0 

180 

1500 

100 

Annealed  1  hour  at  1832  F  in 

vacuum 

0 

190 

1500 

100 

Annealed  1  hour  at  1832  F  in 

vacuum 

0 

200 

1500 

100 

Annealed  1  hour  at  1832  F  in 
vacuum 

0 

250 

1500 

100 

Annealed  1  hour  at  1832  F  in 

vacuum 

0 

260 

1800 

100 

Annealed  1  hour  at  1832  F  in 

vacuum 

0 

290 

1800  ' 

100 

Annealed  1  hour  at  1832  F  in 
vacuum 

0 

330 

1800 

100 

Annealed  1  hour  at  1832  F  in 
vacuum 

0 

410 

1500 

24 

Annealed  2  hour  at  3272  F  in 
vacuum 

0 

410 

1500 

100 

Annealed  2  hour  at  3272  F  in 
vacuum 

0 

450 

1800 

100 

Annealed  2  hour  at  2  372  F  in 

vacuum 

2 

460 

1500 

100 

Annealed  2  hour  at  2912  F  in 
vacuum 

1 

500 

1500 

100 

Annealed  2  hour  at  2912  F  in 
vacuum 

1 

500 

1500 

500 

Annealed  2  hour  at  2912  F  in 
vacuum 

1 

500 

1800 

100 

Annealed  1  hour  at  1832  F  in 
vacuum 

1.  5 

ratio  of  i\  1  is  required  for  good  corrosion  re¬ 
sistance.  The  basis  for  this  conclusion  is  pre¬ 
sented  in  Table  4,  4.  The  oxygen-to-zirconium 
atomic  ratio  of  2:1  corresponds  to  the  stoichio¬ 
metry  of  ZrO^  and  leads  to  the  postulation  that 
corrosion  protection  results  from  the  formation 
of  this  oxide  in  eolumbium- zirconium  alloys. 

In  all  cases,  annealing  at  temperatures  from  1830 
to  <1900  F  is  effective  in  stabilizing  the  oxygen  in 
the  Cb-lZr  alloy.  Above  1900  F  or  in  welding, 
the  ZrO^  redissolves  and  the  alloy  becomes 
susceptible  to  lithium  attack.  Pratt  It  Whitney (1^9) 
came  to  the  same  conclusions  based  on  extensive 
work  with  the  Cb-  IZr  alloy.  Table  4.  5  lists  the 
results  of  studies  on  the  effects  of  zirconium  addi¬ 
tions.  They  determined  that  a  zirconium  content 
of  between  0,8  to  1.1  with  an  oxygen-to-zirconium 
ratio  of  1:1  is  optimum. 


4,2.4  Loop  Tests  of  Cb- IZr 

A  summary  of  the  results  of  operations  of 
three  thermal-convection  loops  at  Oak  Ridge(l^ 
is  given  in  Table  4,6,  Interlocking  tab-type  inserts 
were  positioned  around  the  loop  to  provide  a  com¬ 
plete  weight-change  profile  of  the  dissolution  and 
mass  transfer  of  the  alloy  in  lithium.  All  tests 
were  conducted  at  a  pressure  of  10'®  to  10*^  torr, 
The  resulte  of  the  tests  indicated  that  in  mono¬ 
metallic  systems,  as  in  loop  TCL-1R  and  TCL-3R, 
the  principal  interaction  is  the  leaching  of  zirconium 
and  interstitial  oxygen,  nitrogen,  and  carbon  from 
the  walls  in  the  highest  temperature  region.  In  the 
dissimilar- metal  loop  (Cb-IZr/TZM),  a  much 
greater  weight  loss  was  noted.  A  transfer  of 
eolumbium  from  the  Cb-lZr  to  the  TZM,  and  a 
transfer  of  molybdenum  from  the  TZM  to  the  Cb- 
lZr  was  observed.  Maximum  transfer  occurs,  as 
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TABLE  4.  4.  DEPTH  OF  ATTACK  BY  LITHIUM  OF  COLUMB1UM-Z1RCONIUM 
ALLOYS  AS  A  FUNCTION  OF  ZIRCONIUM  CONCENTRATION, 
OXYCEN  CONCENTRATION,  AND  HEAT  TREATMENT*128) 

Test  Conditions:  100  Hours  at  1500  F, 


Zirconium 

Concentration, 

percent 

Oxygen 

Concentration, 

percent 

Depth  of  Attack,  mils 

After  Oxidation 
at  1830  F*a) 

After  Heat  Treatment 
at  2370  F'b) 

0.  05 

0.  09 

15 

15*c) 

0.05 

0.  18 

25 

25*c> 

0.05 

0.  23 

30(d) 

30<d' 

0.4 

0.09 

15 

0 

0.4 

0.  18 

20 

15*c> 

0.4 

s  0.23 

30  *d' 

30*°' 

0.6 

'  0. 09 

10 

0 

0.6 

0.  18 

20 

0 

0.6 

1  0.  23 

30*d> 

25*c) 

0.9 

0.  09 

10 

0 

0.9 

0,  18 

20 

0 

0.9 

0.23 

30*d' 

0 

1.  3 

0.09 

5 

0 

1,  3 

0.  18 

10 

0 

1.  3 

0.23 

25 

0 

(a)  Specimen  exposed  to  lithium  after  oxidation  at  1830  F. 

(b)  Specimen  heat  treated  in  vacuum  for  2  hours  at  2370  F  following  oxidation  and 
prior  to  exposure  to  lithium. 

(c)  Oxygen-to-sirconium  atomic  ratio  was  greater  than  2. 

(d)  Complete  penetration  of  60-mil-thick  specimen, 


TABLE  4.  5.  EFFECT  OF  ZIRCONIUM  ON  LITHIUM  ATTACK  IN  COLUMBIUM-Z1RCONIUM  ALLOYS*189' 


Zirconium  Content, 
wt% 

Maximum 

Temperature, 

F 

Thermal 

Gradient, 

F 

Number  of 
Loop  Teste 

Total 

Time, 

houre 

Maximum  Depth  of 
Corrosion  Effect, 
mils 

Remarks 

0.001 

1600 

200 

1 

177 

4.0 

Unclad  tubing 

/ 

2 

447 

7.  5-10.  0 

Type  446  clad  tubing 

1800 

200 

2 

390 

1.  5-3, 0 

Unclad  tubing 

3 

382 

5.  0-8.  5 

Type  446  clad  tubing 

0.  3. 

1600  > 

200 

3 

750 

Nil-2.  5 

Type  446  clad  tubing 

0.  8-1.2  ■ 

1800 

200 

2 

500 

Nil 

Type  430  clad  tubing 

2000 

400 

i 

2000 

Nit 

Unclad  tubing 

2200 

400 

i 

1550 

Nil 

Unclad  tubing 

1.6 

1800 

200 

i 

250 

Nil 

Type  4  30  clad  tub*  ig 

5.0 

2000 

400 

i 

343 

Nil 

Unclad  tubing 

(a)  Corrosion  data  are  for  wrought  sections 
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£..  SUMMARY  Or  LITHIUM  THERmAL-Cuin  v  t,ClTUN-LOOP  TEST  CONDITIONS 
AND  RESULTS  AFTER  3000  HOURS  OF  OPERATION*1  34> 


Loop  Number 


TCL-1R  TCL-2R  TCL-3R  (D-43) 

(Cb-lZr)  (Cb-IZr/TZM)  (Cb-lOW-lZr-O,  1C) 


Maximum  Hot-Leg  Temperature, 

F 

2170 

2210 

2190 

Minimun  Cold  Leg  Temperature  ,  F 

1970 

1940 

1885 

Calculated  Flow  Rate,  ft/min 

10.  6 

7.  5 

7.  5 

Maximum  Weight  Loss,  rng/ern^ 

0.  34 

4.  49 

0.  15 

Maximum  Weight  Cain,  mg /cm 

0.  78 

2.  69 

0.  21 

Total  Weight  Loss,  mg 

99 

810 

37 

Total  Weight  Gain,  mg 

87 

626 

17 

Chemical  Analyses 

,  PPni 

Before  After 

Before*1) 

After  *a) 

Test 

Test 

Test 

Test 

Hot  Leg 

Oxygen 

81 

10 

20 

32 

Nitrogen 

50 

11 

7 

11 

Carbon 

80 

50 

30 

50 

Zirconium'*5' 

1 

1/2 

Cold  Leg 

Oxygen 

81 

26 

20 

33 

Nitrogen 

50 

310 

7 

22 

Carbon 

80 

130 

300 

240 

Zirconium*15) 

1 

5 

Maas  Transfer  Deposits 

ZrN 

ZrN,  Nb 

None 

(a)  Surface  analysis  of  Cb-lZr. 

(b)  Analyse*  for  TZM  only. 

would  be  expected,  in  the  hottest  protion  of  the 
loop.  Exchange  of  carbon  and  oxygen  was  ob¬ 
served  in  both  the  hot  and  cold  legs  between  the 
Cb-lZr  tube  wall  and  the  TZM  alloy  inserts,  A 
weight- change  profile*  “)  for  the  Cb-lZr  loop 
TCL-  1R  is  shown  in  Figure  4,  7.  This  loop  was 
operated  for  3000  hours  at  about  2200  F.  Figure 
4.8  illustrate*  the  weight-change  profile  for  the 
Cb-  IZr/TZM  loop  (TCL-2R) ,  which  was  also 
operative  for  3000  hours. 

The  following  results  were  obtained  by 
Pratt  It  Whitney*1*1*)  and  summarise  their  loop 
operations  between  June,  1962,  and  June,  1965, 
All  tests  were  conducted  in  an  i nert-atmosphe re 
chamber,  Helium  with  less  than  1  ppm  total  im¬ 
purities  was  used  us  a  cover  gas,  The  Cb-lZr 
loops  were  wrapped  in  tantalum  foil  to  further 
protect  them  against  atmospheric  contamination, 
Figure  4,9  illustrates  schematically  the  loop  de¬ 
sign  used  extensively  to  evaluate  a  large  number 


FIGURE  4.  7,  WEIGHT- CHANGE  PROFILE  FOR 
LITHIUM  Cb-lZr  THERMAL- 
CONVECTION  LOOP  (TCL-1R){I35> 
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TABLE  4.  7.  TUBE  BURST  AND  CHEMISTRY  DATA  FROM  SPECIMENS  EXPOSED  TO  LITHIUM  IN 
THE  Cb-lZr  ALLOY  LCCDB-1  LOOP032) 


Soectmen  and  Treatment 

Test 

Conditions 

Depth  of 
Sample 
Analyzed, 
mils 

Analysis , 

_PP_m 

Time  to 
Rupture, 
hour* 

Percent 

Growth 

Full-Wall  Post- 
Mechanical -Tent 
Analysis,  ppm 

C. 

N 

O 

c 

.N 

O 

XM-108B  (Cb-lZr-0.  06C) 

Control 

OD-5 

785 

75 

160 

875 

530 

95 

80 

2900  F,  1  hour 

5-10 

700 

60 

300 

2200  F,  l  houri 

10-15 

665 

75 

220 

15-20 

640 

95 

190 

20-ID 

580 

75 

145 

Argon, 

OD-5 

800 

45 

435 

383 

490 

530 

50 

2200  F, 

5-10 

585 

35 

250 

3B9 

570 

840 

50 

1000 

10-15 

495 

40 

610 

hours 

13-20 

495 

60 

340 

20 -ID 

530 

160 

230 

Lithium, 

OD-5 

350 

200 

73 

241 

241 

470 

205 

100 

2200  F, 

3-10 

510 

220 

75 

285 

1000 

10-15 

485 

220 

85 

hours 

15-20 

625 

300 

165 

20-ID 

540 

340 

110 

Lithium, 

OD-5 

580 

185 

277 

2200  F, 

3-10 

690 

165 

200 

10-15 

610 

165 

33 

hours 

13-20 

660 

165 

80 

20-ID 

560 

185 

PWC-33  (Cb-3Zr-0,  3C| 

Control 

OD-5 

3080 

35 

100 

697 

42 

3400 

630 

105 

XM-1063  Heat  Code 

5-10 

3190 

120 

90 

399 

47 

PMFT,  2200  F,  2  hours, 

10-15 

3160 

135 

145 

3060 

190 

105 

cold  swage  from  0.  312 

15-20 

3180 

95 

143 

OD  to  0.  304  OD 

20-ID 

3210 

185 

155 

Lithium, 

OD-5 

2825 

110 

773 

26 

3500 

760 

220 

2200  F, 

5-10 

3160 

770 

105 

847 

34 

3500 

720 

320 

1000 

10-15 

3300 

860 

120 

hours 

15-20 

3290 

900 

125 

20-25 

2880 

810 

110 

TABLE  4.  8.  LITHIUM  COMPATIBILITY  OF  OXYGENA; 

ALLOY  AFTER  50  HOURS  OF  EXPOSURE' 

TED  Cb-lZr-0.  1C 

1.33) 

Test 

Temperature, 

F 

Oxygen, 

Pretest 

ppm 

Posttest 

Carbon, 

Preteat 

JSB. _ 

Posttest 

Metallographic  Examination 

2000<a> 

500 

2  30 

400 

400 

Complete  Intergranular  at- 

tack 

200o(b> 

1000 

480 

700 

700 

No  lithium  penetration 

2200'b> 

2100 

980 

600 

500 

No  lithium  penetration 

(a)  Specimen  exposed  in  the  as-quenched  condition 

(b)  Specimens  heat  treated  at  2200  F  prior  to  test. 


Effective  Stress,  1000  psi 
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500X  Lithium  Interface 


Pretest:  Argon  Soak,  b.  Posttest:  Lithium  Flow,  c,  Posttest:  Lithium  Flow 

1000  Hours  1000  Hours  200  Hours 


FIGURE  4.  10.  EFFECT  OF  1000  AND  200  HOUR,  2200  F  ENVIRONMENTS  ON 
Cb-  lZr-0.  06C  ALLOY*132) 


Etchant:  10H2O,  8HNO3,  2HF. 


Time  to  rupture, hours 

FIGURE  4.  11,  (Cb-lZr-0.  1C)  ALLOY  2200  F  STRESS-RUPTURE 
TESTS*133) 
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TABLE  4.9.  SUSCEPTIBILITY  OF  OXYGEN-CONTAMINATED  COLUMBIUM 
ALLOYS  TO  CORROSION  BY  LITHIUM*135) 


Alloy 

Attack  bv  Lithium  at  1500  to  1830  F 

Critical 

Oxygen  Level,*41) 
ppm 

As  Contaminated 

at  1850  F 

After  Heat  Treatment 
at  1850  F 

Cb-40V 

Yes 

Yes 

500-1000 

D-43 

Yea 

No 

2400 

B-66 

Yes 

No 

2700 

FS-85 

Yes 

Yes*b 

1900 

Cb-752 

Yes 

No 

3000 

(a)  Level  above  which  heat-treated  alloy  li  not  resistant  even  after  heat 
treatment. 

(b)  2900  F  heat  treatment  gave  corroalon-reaistant  alloy, 


•  TABLE  4.  10, 

RESULTS  OF  SCREENING  TESTS 
ON  COLUMBIUM  ALLOYS  AFTER 
250  HOURS  IN  FLOWING  1800  F 
LITHIUM*1 29) 

,  Composition 

Results 

Cb-20Tl-5Zr 

Good  corrosion  resistance 

Cb-20Ti-5Co 

Good  corrosion  resistance 

Cb-20Ti-5Cr 

Good  corrosion  resistance 

!  Cb-20Ti-5Ni 

Good  corrosion  resistance 

Cb-lOTi 

Good  corrosion  resistance 

Cb-IZr-lTl- 

1Y  Good  corrosion  resistance 

Cb-lZr 

Good  corrosion  resistance 

Cb-5Zr 

Good  corrosion  resistance 

Cb-50Zr-5Ti 

Good  corrosion  resistance 

Cb-15Ti»5Al 

Good  corrosion  resistance 

Cb-5Mo 

Slight  Attack 

Cb-33Ta 

Slight  Attack 

Cb-lOW 

Slight  Attack 

Cb-2Al-2V 

Good  corrosion  resistance 

Cb-4A1-4V 

Good  corrosion  resistance 

Cb-6Al-6V 

Good  corrosion  resistance 

Cb-5Mo-2Ti-2Zr 

Good  corrosion  resistance 

* 

I  TABLE  4,  11.  SCREENING  TESTS  IN  FORCED  CONVEC- 

,  TION  LITHIUM  LOOP  FOR  250  HOURS*129) 


Composition 

Temperature, 

F 

Results 

Cb-20Ti-5Zr 

2000 

Excellent  resistance 

Cb-20Ti-5Co 

2000 

Excellent  resistance 

Cb-20Ti-5Cr 

2000 

Excellent  resistance 

Cb-20Ti-5Ni 

2000 

Excellent  resistance 

Cb-5Ti 

2000 

Excellent  resistance 

Cb-5Mo-2Ti-2Zr 

1600 

Excellent  resistance 

2000 

Excellent  resistance 

i 

\ 
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of  different  materials  and  to  expose  tubular  speci¬ 
mens  for  mechanical-properties  studies.  With 
this  type  of  experimental  apparatus,  Cb-lZr  was 
proven  to  have  adequate  corrosion  resistance  to 
2200  F  lithium.  Pratt  St  Whitney^-^)  operated 
such  loops  up  to  5000  hours  in  2000  F  lithium. 

Attempts  to  both  simprove  and  strengthen 
the  Cb-lZr  alloy,  by  alloy  development,  were 
made  at  Pratt  St  Whitney.  In  the  loop  shown  in 
Figure  4.9,  tubular  specimens  were  exposed  for 
1000  hours,  removed,  and  burst  tested  in  21.00  F 
lithium.  The  results  for  two  alloys,  Cbx-lZr- 
0.  06C  and  Cb-3Zr-0.  3C,  are  summarizell  ,in 
Table  4.  7.  These  results  indicate  that  there  is  a 
slight  reduction  of  rupture  strength  resulting 
from  a  1000-hour,  2200  F  thermal  treatment  in 
an  inert-gas  environment.  There  was  no  signifi¬ 
cant  change  in  rupture  strength  due  to  interaction 
with  lithium.  The  Cb-3Zr-0.3C  alloy, after  1000 
hours  In  2200  F  flawing  lithium,  experienced 
inside  diameter  and  outside  diameter  depletion  to 
0.  6  mil  maximum,  recrystallization  of  surfaces 
to  depths  of  6  to  8  milB  and  a  very  slight  decrease 
in  hardness  at  the  surface  (107  DPH  versus  113 
DPH  in  the  center  of  the  wall),  The  200-hour 
Cb-lZr-0.  06C  alloy  exposed  to  lithium  experienced 
surface  and  maximum  grain- boundary  second- 
phase  depletion  to  0.  5  mil  as  seen  in  Figure  4.  10, 
No  attack  or  hardness  gradients  were  apparent, 

The  phaseB  present  in  the  poattest  materials 
were  identified  as  (Cb-Zr)C  with  47  mole  percent 
zirconium  in  the  specimen  exposed  for  200  hours 
and  62  mole  percent  zirconium  in  the  1000-hour 
specimen.  The  apparent  difference  in  structure 
is  due  to  sample  preparation  and  etching,  and  is 
not  a  different  phaee. 

A  eecond- gene  ration  columbium  alloy  Cb- 
lZr-Q.  1C  wae  studied  extensively  at  Pratt  St 
Whitney,  The  carbon  addition  was  made  for  the 
purpose  of  strengthening  the  basic  Cb-lZr  alloy. 

In  this  alloy  the  carbon  Is  precipitated  as  a  mixed 
Cb-Zr  carbide,  which  in  its  stabilized  form  is 
body-centered  cubic,  Specimens  oxygenated  at 
2400  F  and  quenched  from  3500  F  show  complete 
Intergranular  penetration  by  classical  lithium 
attack.  Stabilized  specimens  (2  hours  at  2200  F 
after  quenching)  are  not  attacked.  This  behavior, 
as  shown  in  Table  4,  8,  is  similar  to  that  observed 
in  the  Cb-lZr  alloy.  The  creep- rupture  results 
are  shown  in  Figure  4.  11  and  indicate  that  there 
is  little  or  no  reduction  in  rupture  life  due  to 
lithium  exposure, 

The  Cb-lZr  systems  have  been  demonstrated 
by  Pratt  St  Whitney  and  Oak  Ridge  to  be  highly 
resistant  to  attack  by  lithium  up  to  2000  F,  when 
the  Cb-lZr  is  in  the  stabilized  condition.  Pratt  & 
Whitney  conducted  an  estimated  3000  tests  which 
included  capsule ,  stress-rupture,  creep,  dynamic 
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loop,  full-scale  pressure  veaoela  ,  and  a  2000  F, 
10,000-hour  nonnuclear  system  test  to  establish 
this  corrosion  resistance  of  the  Cb-  IZr  alloy. 

4,2,5  Miscellaneous  Columbi u m 
Alloys 

There  haB  been  a  minor  amount  of  work  on  a 
number  of  other  columbium-base  alloys.  Oak 
Ridge^^^  conducted  a  series  of  static  tests  on 
advanced  columbium  alloys,  Cb-40V,  D-43  (Cb- 
10W-lZr-0.  1C),  B-66  (Cb- 5Mo- 5V -  1 Z r) ,  FS-85 
(Cb-27Ta-  1  1 W  -  IZr) ,  and  Cb-752  (Cb-10W-2.  5Zr), 
The  testa  were  conducted  for  100  hours  at  1830  F, 
and  the  results  are  summarized  in  Table  4.9.  The 
corrosion  behavior  exhibited  is  characteristic  of 
Cb-lZr.  That  is,  alloys  that  were  not  heat  treated 
following  oxygen  doping  at  1830  F  exhibit  attack 
In  the  form  of  a  Widmanstatten  corrosion  even  at 
930  F,  with  heavy  intergranular  attack  at  1830  F. 
Heat  treatment  in  the  2370  to  2900  F  temperature 
range  prior  to  exposure  eliminates  the  attack  by 
the  lithium.  The  B-66  alloy  was  exposed  in 
static  corrosion  tests  to  2500  F  lithium  (in  a  TZM 
corrosion  capsule)  with  no  apparent  attack  in 
100  hours.  At  Battelle , ( exposure  under  the 
same  conditions  at  2800  F  produced  heavy  grain¬ 
boundary  penetration  and  surface  attack. 

Pratt  St  Whitney^^)  conducted  screening 
tests  on  a  large  number  of  columbium  alloys  in  a 
Cb-lZr  thermal- convection  loop  at  1800  F.  Tho 
alloys  studied  and  the  results  are  shown  in  Table 
4.  10.  These  results  indicate  that  binary  alloys 
with  molybdenum,  tantalum,  and  tungsten  exhibit 
lithium  corrosion  behavior  equivalent  to  that  of 
unalloyed  columbium,  The  other  alloys  showed 
somewhat  improved  corroeion  resistance.  Solution 
attack  increased  with  increasing  chromium  content 
when  concentrations  exceeded  17,  5  weight  percent. 
The  results  of  forced-convection-loop  testB  con¬ 
ducted  on  the  more  promising  alloys  are  shown 
in  Table  4.  II.  All  of  these  materials  showed  good 
resistance  to  lithium  attack.  No  further  work  was 
done  with  these  alloys, 
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4.3  TANTALUM 

There  have  been  very  few  recent  studies  on 
the  corrosion  behavior  of  tantalum  and  tantalum 
alloys.  Tantalum  behaveB  in  a  manner  similar 
to  columbium.  A  stable  oxide  former  such  as 
hafnium  is  necessary  to  produce  corrosion  re¬ 
sistance. 

Studies  were  conducted  at  Battelle^  on 
Ta-UW  and  Ta-8W-2Hf  (T-ill)  alloys,  These 


88 


LITHIUM 


TANTALUM 


t#>  it  ■  Ur«  *■»  n«nfn«  i  n  •>  Ala  ^  l  ;lw«  «.«»•<  t  .... 

tem  utilizing  TZM  as  the  corroiion  capsule.  Both 
the  Ta- 12W  and  Ta-8W-2Hf  alloys  exhibit  surface 
dissolution  and  grain- boundary  penetration  after 
100  hours  at  2500  F.  Surface  dissolution  is 
severe  after  1000  hours  at  2500  F, 

Pratt  It  Whitney*1  32)  performed  compatibi¬ 
lity  tests  on  T-lll  alloy  in  flowing  lithium  for  at 
least  1000  hours.  The  results  of  these  tests 
showed  no  measurable  corrosion  rate  during  the 
test  period.  Also,  there  does  not  appear  to  be  a 
deleterious  effect  on  the  stress-rupture  proper¬ 
ties  of  T-lll  alloy  due  to  lithium  exposure. 

Figure  4.  12  illustrates  this  latter  effect. 


Specimen  Histor 
2  hour*, 2200 
1000  hours  in 
argon 

r. 

F 

200  F  lithium  or 

r 

O  Control 

A  Lithium 

>0  100  1000  10000 


Tima  to  rupture,  hours 

FIGURE  4.  12.  T-lll  ALLOY  2400  F  STRESS- 
RUPTURE  TESTS*133) 
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LITHIUM  TUNGSTEN  ALLOYS  AND 

RHENIUM 

A  r  'r'tttrr'nmr't*  a  *  *  mre  •  . 

a.^  t  wumwiijii  ftnfclNAUM 


As  with  molybdenum,  only  a  limited  number 
of  studies,  conducted  principally  by  Pratt  fc 
Whitney'132*  and  Battelle,*136)  have  been  reported 
concerning  the  compatibility  of  tungsten  alloys 
with  lithium.  The  Battelle  studies,  summarized 
in  Table  4.  12  indicate  that  all  of  the  tungsten  alloys 
investigated  exhibit  good  resistance  to  attack  by 
lithium  at  2500  F.  Also,  after  1000  hours  of  ex¬ 
posure  at  2800  F,  W-15Mo  and  W-lORe  showed 
only  slight  surface  dissolution,  while  unalloyed 
tungsten,  W-Q.9Cb,  and  W-25Re  exhibited  some 
surface  dissolution  and  grain-boundary  penetration. 


TABLE  4.  12.  LOWEST  TEMPERATURE  AT 

WHICH  ATTACK  BY  LITHIUM  WAS 
OBSERVED**)*136) 


Material 

Temperatur 

e,  F 

100  Hours 

1000  Hours 

W 

3000*b) 

2800*®) 

W-0.9Cb 

3°00 

2800*®) 

W-15Mo 

NA*C> 

2800<t») 

W-lORe 

NA 

2800*b) 

W-25Re 

NA 

2800(e) 

Re 

3000*d) 

2500(d) 

(a)  Specimen  was  exposed  to  lithium  in  TZM  cap¬ 
sule  at  2500,  2600,  and  8000  F, 

(b)  Slight  surface  dissolution, 

(c)  No  attack  at  3000  F. 

(d)  Mass  transfer  from  corrosion  capsule. 

(e)  Surface  dissolution  and  grain-boundary' 
penetration. 


4.4.  MOLYBDENUM  ALLOYS 

Until  recently,  widespread  interest  in 
molybdenum  compatibility  with  liquid  lithium  has 
been  lacking,  Battelle*! 36)  conducted  a  number 
of  1000  to  3000-hour  static  corrosion  experiments 
in  lithium  over  the  temperature  range  from  2500 
to  3000  F.  The  alloys  investigated  were  TZM 
(Mo-0.  5Ti-0.  08Zr)  and  (Mo- 50Re) .  and  neither 
alloy  showed  evidence  of  attack  in  this  tempera¬ 
ture  range  for  exposures  up  to  1000  hours. 

The  TZM  alloy  showed  further  resistance  to  cor¬ 
rosion  by  static  lithium  for  periods  of  3000  hours 
at  3000  F.  Currently,  studies  are  in  progress 
at  both  Oak  Ridge  and  Brookhaven  on  TZM  and 
(Mo-0,  5TI)  to  shed  further  light  on  the  corrosion 
behavior  of  molybdenum  alloys  in  liquid  lithium. 


Pratt  b  Whitney*132*  conducted  loop  tests  on 
the  W-25Re  alloy  at  2200  F.  Metallographic 
examinations  of  the  tubing  walls,  although  re¬ 
vealing  sigma  precipitation  along  the  grain  bounda¬ 
ries,  showed  no  evidence  of  attack  after  1000  hours 
of  exposure  to  flowing  lithium. 

The  Battelle  inveatigation  further  showed  that 
rhenium  also  was  not  attacked  by  lithium,  but 
picked  up  molybdenum  from  the  TZM  capsule.  In 
these  rhenium  tests,  there  was  no  apparent  sur¬ 
face  dissolution  or  other  attack  due  tci  lithium. 
Metallography  showing  the  mass-transfer  effect  are 
presented  in  Figure  4.  13. 
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250X  RM-  39362 

a.  100  Hours 

Mo-Re  sigma  phase  was  present.  This  was 
due  to  mass  transfer  of  molybdenum. 


v  - ....  . 


250X  RM-41449 

b.  1000  Hours 

Note  large  torus  of  the  surface,  These 
two  zoneB  are  due  to  molybdenum  mass 
transfer. 


FIGURE  4.  13.  MICROSTRUCTURES  OF  RHENIUM 
EXPOSED  TO  STATIC  LITHIUM 
AT  3000  F<136> 
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4.6  IRON-BASE  ALLOYS 

Pratt  It  Whitney^  conducted  extensive  tests 
on  commercially  available  ferrous  alloys  in  forced- 
convection  corrosion  loops.  These  results,  sum¬ 
marized  in  Table  4.  13,  indicate  that  pure  iron  and 
austenitic  stainless  steels  are  unsuitable  in  the 
1300  to  1500  F  temperature  range.  These  materials 
exhibit  severe  solution  corrosion,  appreciable  inter¬ 
granular  attack,  and  thermal-gradient  mass  trans¬ 
fer. 

The  temperature  dependence  of  solution  cor¬ 
rosion  and  mass  transfer  was  evaluated  in  a  series 
of  Type  316  stainlese  steel  loop  teats.  At  a  maxi¬ 
mum  circuit  temperature  of  1100  F  and  a  200  F 
thermal  gradient.  Type  316  stainless  steel  appears 
to  be  suitable  for  limited  service.  Only  moderate 
attack  and  slight  muas-transfer  deposition  were 
observed  in  250-  and  1000-hour  teats.  Data  for 
these  tests  are  summarized  in  Table  4. 14. 
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4.  7  NICKEL- BASE  ALLOYS 

Nickel-base  alloys  undergo  Bevere  solution 
attack  and  mass  transfer,  rendering  them  com¬ 
pletely  unsatisfactory  for  liquid- lithium  service 
in  the  temperature  range  from  1200  to  1300  F. 
These  results  were  corroborated  by  teste  con¬ 
ducted  at  Pratt  &  Whitney , as  presented  in 
Table  4.  15,  As  can  be  seen,  Waspalloy,  Inconel, 
and  Haynes  Alloy  No.  25  experience  this  type  of 
behavior. 


The  photographs  were  reduced 
approximately  20  percent  in 
printing. 
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TABLE  4.  13.  RESULTS  OF  IRON  AND  STAINLESS  STEEL  FORCED- 
CONVECTION  LOOP  TESTS  WITH  1500/1300  F 
LITHIUM* !2<?) 


Alloy 

Time 

hours 

Maximum  Depth  of 
Attack ,  *a)  mils 

Deposits 
Maximum  Thickness, 
mils 

Weight, 

grams 

Number  of 
Loops 

Iron*b> 

108-138 

Nil 

2,  0-4. 5  a  w 

12.  5-15.  0 

1.  3-3.  0 

£ 

Iron 

138-187 

Nil-0,  6 

5,  0-6,  6  A  w 

eU 

O 

1 

OO 

o 

6.  0-6.  6 

2 

Type  316 

52-155 

1.  0-4.  5  IG 

3,  9-8.  5  a  w 

34.2-41.0 

6.  0-11.0 

4 

Type  304 

105-138 

1.0-5.  0  IG 

3,  8-6,  0  A  w 

18.  5-20.0 

4.  0-4.  6 

2 

Type  310 

64-96 

3.  0-4.  0  IG 

2.  2-4.  7  Aw 

19.5-24.0 

5.  9-6.  2 

2 

Type  321 

69-200 

Nil -2.  0  IG 

6.  2-6.  4  Aw 

25.  0-32.0 

8.  5-10,0 

2 

Type  347 

32-160 

0.  5-0.  6  IG 

4.  3-4.9  Aw 

33.0-40.0 

3.  5-9.8 

2 

(a)  IG  n  intergranular  |  A  w  *  apparent  aolution  attack,  decrease  in  wall  thickness, 

(b)  Titanium  getter  in  lithium  flow  stream. 


TABLE  4. 14.  RESULTS  OF  TYPE  316  STAINLESS  STEEL-LITHIUM  FORCED- 
CONVECTION-LOOP  TESTS*12*?) 


v  '■ 


Temperature 
Range,  F 

Time, 

hours 

Velocity,  fps 

Maximum 
Depth  of 
Attack,  *b) 
mils 

Maximum 

Thickness, 

mils 

Weight) 

grams 

Number 

Of 

Loops  ' 

1100/900 

250 

25.  0 

4,0 

1.  0 

Nil 

2 

l.  0-2.0 

Aw 

1100/900 

1000 

25.0 

2.  0 

6.  0 

0.  15 

1 

2.  0-2.  5 

AW 

1 200/ 1000 

250 

25,  0 

0-1.0  IG 

15.  0-21.0 

1.  5-1.  8 

2 

1400/1200*b) 

0-4.  0 

Aw 

161-250 

13.  0-21.  0 

1.  2-1.  5 

14.  0-24,0 

Not  weighed 

2 

I400/I000<b> 

2. 6-3. 2 

aw 

177-250 

10.0-13.0 

1.  5  IO 

13.0-19.5 

Not  weighed 

2 

2,  3-4.  5 

Aw 

1400/1000 

129-250 

5.0-13,0 

0.4-2.  5 

IG 

11.  0-27.0 

Not  weighed 

it 

1500/  1300*b) 

193 

13.  0 

1.4-2.  9 
1.0  IG 

Aw 

49.  0 

Not  weighed 

l 

6.  0-6.  5 

Aw 

1500/1300 

52/155 

13.  0 

1.  0-4,  5 

IG 

34.  2-41.0 

6.0-11.0 

4 

I600/U00*b> 

3,  9-8.  5 

Aw 

15 

13.  0 

9.  2  IG 

46.  5 

Not  weighed 

1 

2.  8-4.  2 

Aw 

(a)  IG  =  intergraniialr;  Aw  n  apparent  solution  attack,  decrease  in  wall  thickneBS 

(b)  Titanium  getter  in  flow  stream. 
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TABLE  1.  15.  RESULT'5  I  TTHIIJM  CORROSION  TESTS  ON  NICKEL-CONTAINING  ALLOYS^129) 


— . . . . . . . . . . . . 

ConHUionn 

Temperature 

Time , 

Material 

Type  of  Test 

Range,  F 

hours 

Results 

Waspalloy 

Forced -convection  loop 

1500/1300 

3 

Terminated  because  of 

severe  mass  trans¬ 
fer 

Inconel^ 

Natural-convection  loop 

1600/1200 

100 

Terminated  because  of 

1600/1500 

72 

severe  mass  tranB- 

1600/1400 

5 

fer 

Haynes  Alloy  No,  25 

Tab  in  natural- 

1600/1350 

245 

-109  mg/cm^  -  100 

convection  loop 

hour  (Type  316  con¬ 
trol;  -16  mg /cm2  - 

100  hour) 

(a)  Two  percent  aluminum  added  to  lithium. 
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5.  CESIUM 

5.  1  INTRODUCTION 

There  are  two  primary  applications  for 
cesium  in  power  systems:  (1)  as  a  working  fluid 
in  ion  engines,  and  (2)  to  dissipate  the  current- 
limiting  space  charge  in  thermionic  generators. 
Cesium  could  also  be  utilized  in  magnetohydro¬ 
dynamic  generators  to  seed  an  inert  gas,  like 
helium,  and  thus  provide  a  high-temperature- 
conducting  fluid  stream  for  cutting  lines  of  mag¬ 
netic  flux  to  generate  a  current.  Most  of  the 
cesium  corrosion  studies  conducted  to  date  have 
been  directed  toward  these  applications. 
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5.2  NICKEL-BASE  ALLOYS 

The  sparse  amount  of  corrosion  testing 
completed  on  nickel-base  alloys  in  cesium  has 
been  limited  to  relatively  low  temperatures  and 
short  periods  of  time.  For  example,  it  has  been 
shown'l^)  that  unalloyed  nickel  and  Rentf  41  are 
both  unaffected  by  liquid  cesium  for  up  to  500 
hours  at  750  F.  Likewise,  Inconel  X  is  not  at¬ 
tacked  severely  by  cesium  liquid  or  vapor  at  1600 
F,  although  decarburization  and  leaching  of  pre¬ 
cipitates  were  observed  in  static  cesium  cap¬ 
sules  after  720  hours,  Ni-Span  C^-*9^ 
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(Ni-40Fe-5.5Cr-2.5Ti)  suffers  no  noticeable  sur¬ 
face  attack  upon  exposure  to  cesium  vapor  at 
1200  F'f°t  1000  hours,  but  it  too  loses  subsurface 
precipitates.  In  addition,  the  cesium  causes  it  to 
lose  some  ductility  and  yield  strength.  The  effect.s 
of  cesium  on  several  nickel-base  materials  are 
summarized  qualitatively  in  Table  5.  1, 
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5,  3  IRON-BASE  ALLOYS 

Unalloyed  iron^®)  and  many  steel.<»”-l«) 
are  generally  unaffected  by  cesium.  The  majority 
of  the  steels  do,  however,  lose  carbon  to  the  cesium. 
There  is  evidence  presented  by  IITRI^29^  to  sug¬ 
gest  that  the  stainless  steels  experience  liquid-metal 
embrittlement.  This  embrittlement  is  not  catas¬ 
trophic  and  is  reversible  in  the  sense  that  if  the 
cesium  is  removed,  the  effect  disappears,  They 
also  present  stress-strain  curves  (Figure  5.  1) 
which  suggest  that  the  yield  strength  is  lowered  if 
the  material  is  wetted  by  cesium.  Data  presented 
in  Table  5.  2  indicate  similar  results  for  Type  430 
stainless  steel  as  well  as  a  number  of  other  mater¬ 
ials,  These  results  are  presented  as  observations 
rather  than  conclusions  because  of  the  limited  data 
available.  However,  they  do  suggest  that  cesium 
can  serve  as  a  surface-active  agent  and  cause 
stress-corrosion  cracking  in  some  materials. 
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TABLE  5.  1.  CORROSION  OF  NICKEL-BASE  MATERIALS  IN  CESIUM 


Material 

Temperature, 

F 

Time , 
hours 

Results 

Remarks 

Reference 

Nickel 

750 

750 

500 

500 

No  apparent  attack 

No  apparent  attack 

Cesium  vapor 
Cesium  liquid 

137 

''A"  Nickel 

1380 

1000 

Surface  grayed,  no  ap¬ 
parent  attack 

Cesium  vapor 

140 

Rene  41 

750 

500 

No  attack 

Cesium  vapor 

137 

750 

500 

No  attack 

Cesium  liquid 

Inconel  X 

'  1 

1600 

7ao 

Slight  attack,  cesium 
leached  carbon  from 
surface  and  regions  ad¬ 
jacent  to  grain  boundaries 

Liquid  ceBium 

138 
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FIGURE  5.  1.  ROOM-TEMPERATURE  STRESS-STRAIN  CURVES 
FOR  TYPE  JOi  STAINLESS  STEEL* 1391 


E  ON  THE  TENSILE  PROPERTIES  OF  VARIOUS  MATERIALS  AT  87  F(*39) 


i 


CESIUM 


IRON- BASE  ALLOYS 


m  nO  O'  O' 

Lft  ii1  cn  rn 


O  ©  O  O 

O  O  O  © 

o  o  in  o 


§  *3 

4J  o  M  •-* 

CL  o  .  . 

M  m  O'  r- 

g  ^  in  in 


o  o 
.  o  o 

fi  «  © 

fV  •»  n 
'T  “ 


©  ©  O  ©  O 
©  ©  ©  ©  © 
©  M  ©  O  © 


o  o  © 
©  ©  © 
©  o  in 


m*  m  op  in  ^  >fi 

oo  r-  in  *■«  ^ 


■3  !»■» 

P  S  “•  25 

$5  I 


©  ©  o 

OQ© 

©  o  o 

*Klk 

m  ©  rn 
r  •  vO  ^ 


o  o  © 
©  ©  © 
mo© 

<*r  «  ^ 

O'  00  O' 


O'  'V  O' 
m  f0 


t-  ©  ph 

in  «£  -4 


a  i 

w  a 

a  - 

jjj  d 

H 

0  O 


0  U  I)  i 

fiaSt. 
81  S  g 

U  H  ,U  M 
.h  H  ,! 


0  9  0 
©  O  © 
O  ©  © 
* 

vO  O'  t-H 
O'  o  r- 


Q 

©  © 

©  © 

o  © 

© 

©  o 

s 

g  g 

© 

© 

©  o 
o  o 

©  © 

©  m 

©  © 

©  © 

o 

m 

©  © 
m  © 

© 

© 

o  © 

in  in 

105, 

<sf 

©  <30 

p*  p* 

121, 

116, 

•s  P 

n  ^ 
x  © 

s 

•pi 

K  * 

00  O' 
s2  sO 

o* 

in 

O'  o'' 
m  no 

wi  p* 

al 
g  ?& 

R  V 

i 

w 


©  ©  © 
o  ©  © 
©  ©  m 

K  A  K 

m  m  rn 
O'  ^ 


©  ©  o 

o  ©  o 

o  o  o 


a?  3 


v  1 

r  T5  bi  2 

J3  «  -3  J3 

»  m  i  » 

is  o  d  n 

o  i  3  o 

pn  ^  S  f  n 


£3  9 

R 


M  I 

H  H 


TABLE  5-  2.  (Continued) 


i 


CESIUM 


94 


IRON-BASE  ALLOYS 


s  ? 
u  o 
-  ”0 

ji 

»  u 

4,  H 

CO  ^ 

al 

5  2 

X  4 
o  * 

Cl 

o 


c 

0  t 


“  u 

S  *> 

2  o- 

U 


i  u  x 
rt  d 

IS 

**  4) 

H 


DO  .. 

a  « 

4)  a 
h 


CO 


2  5.. 

4>  DO  V) 

r*  fl  a* 

jw  a 

u 


CO 


•K.8 

“  M 
g  4) 

£  a 


s 

■S  „ 

fen  S 


o 

h 

C 

0 

U 

# 


1 1 

la 

U 

W 


rt 

Jl 

^4  s 
h 

4J 

(0 


S’* 


©  o 
o  © 
o  o 


o  o 
o  o 
o  o 


CO  m 
*-H  IM 


o  o 
©  o 

O  vO 

fM  O' 
o  O' 


o  o 
o  o 
o  o 

m  O' 

S'  oo 


o  o 
o  o 
o  o 


o  o 
o  o 
o  o 


o  o 
o  © 
VO  o 


o  o 
o  o 
o  o 

irT  so 
,-«f  ro 


P- 

<\I  r0 


©  o 
§§ 


rvi  -« 
O  00 


o  o 
o  o 
o  o 

•l  A 

pH  t O 

r*  'O 


•  M  O 
M  N 


§  § 
o  o 
*  * 
O  -i 

r-  r- 


o  o 
o  © 
O  so 

H  *. 

O  O' 

s©  10 


o  o 
o  o 
o  o 

M  Pi 

©  VO 

M  o 


o  o 
o  o 
o  o 

P  P» 

ss 


o  o 
e  © 
o  o 


m  so  O 

ro  to  ro 


o  o 
o  o 
o  a 


o 

o 

o 


O'  N 
t*M  CM 


o  o 
o  o 
o  o 


©  O  ©  Q 

©  ©  o  o 

©  o  o  o 


o 

© 

o 


o  © 
o  o 


o  © 
©  © 
o  o 

f  3 


o  © 
o  o 
o  © 

-T  o' 

* 


O  O' 
ro 


O  O 
©  © 
o  © 

of  oT 


O  O 

o  © 
©  o 

— r  cT 

co  ro 


o  © 

<M  M 


up) 
O'  00 


*  © 
Pi  (SJ 


o  © 

o  © 

O  O 

o  o 

o  © 

o  © 

5  © 

o  © 

o  © 

O  VO 

c  © 

o  © 

«  fc 

fs  *. 

*  p» 

*s 

Pi  N 

V0  pi 

O'  £• 

10  |p* 

VO  VO 

N  N 

V0  SO 

o  o 

©  o 

O  VO 
*  * 
N  *>0 
©  © 


is 

Q  © 

*s 

P-  sO 
ro  ro 


o  O 
©  © 
o  © 

*  *> 
10  O' 
10  10 


©  h* 
(M  pi 


©  ©  O 

©  ©  © 

©  lO  O 


O'  O 

H  (M 


o  o 
e  o 
o  o 


£  00 
ro  ro 


o  © 
©  © 
o  © 


00  © 

0-  r- 


©  o 
©  © 
lO  © 

p-*  r-* 

VO  10 


* 

r- 


0-  O' 
O'  O' 


o  © 
©  © 
o  o 


3  ? 


o  o 
o  o 
o  o 


fp 

* 


00 

VO 


o  o 
o  o 
O  vO 


pi  o  r- 


o 

© 

© 

K 

N 

10 


o  o 

§§ 
P  *» 

99 


> 


> 


o  o 

§§ 

s  ** 
fM  sO 
ro  ro 


I 

u 

U 


ss 

o  o 

S  *S 


cm 

SO 


o 

o 

© 


o  © 

*  ■* 


©  o 
o  o 
©  © 
s  «s 

cm  ph 
ro  rO 


.  V 

5  * 

o  i 


V 

V 
J3 


> 

© 

r0 

I 


>  4) 
O  4) 

rP  J 


3  3 


> 

ro 


3 

t 

M 

u 


si  * 
>  v 

»0  V 

I  to 


0 

n 

u 

Vh 


II 

0  Z 

u 


CESIUM 


95 


IRON- BASE  ALLOYS 


•0 

§ 

1 

u 

N 

in* 

a 

3 


Jj  w 

u  O 

«  •B 

-e  a 
s » 

S  H 

to  ja 

Si 

s$ 

o  |S 

o 

o 


a 

.2  a 

+S  41 

g>  M 

s 

5  & 
w 


a 

Dfl  -H 

a  v) 
v  a 
u 
** 
tn 


x 


► 


rt, 

■M  'H 
04  tfl 

a  a 

<u 

H 

55 


•  h  d 

§  8 
y  S 

i  & 

M 


|<3 

i 

1 1 

s 

6  H 

5 

p 

I!' 

J3 


O  Q 
o  o 
o  o 

<?p-T 

00  00 


o  o 
o  o 
o  o 

**  »s 

10  o 

00  00 


00  SO 


o  o 

§§ 
»>  p* 
00 

00  00 


o  © 
o  © 
©  © 

*Q 

+  * 


O  O 
©  o 
o  © 

vcT  s£p 
ro  cO 


N  in 
10  <+ 


ss 

o  o 


o  o 

o  © 

O  lO 

stT  *rT 
<vj  rg 


o  o 
©  o 
o  © 


©  lO 

-h  m 


o  o 
o  o 

10  <S| 


OS  ps 


ss 

o  o 

p.  * 
+  00 
os  ao 


©  O'  X  <0  O  f- 

~  ©  ©  N  N  N  <sj 


©  ©  © 

sss 

*S  P*  P| 

n  •*  m 

*H  *H  ^H 

N  N  N 


o  o  © 

§©  o 
©  © 


©  00  10  H*  *  -H 

O  ©  O  sO  sO  \D  h- 

N  N  N  N  N  MlM 


*n  pn  a 


*1 


o 

© 

o 

•s 

O' 

O' 


II 
•*  * 
fO  ^ 
OJ  N 


SS 

©  © 

in  in' 
IM  (SI 
M  N 


h*  O'  © 
■h  (M  -h  ph 


©  ©  ©  O 

©  o  ©  o 
©  ©  ©  o 

0s  sO  \0  in 
O'  O'  O'  O' 
M  N  N  M 


>0  in 

in  tf> 


©  o 
o  o 
o  o 


©  © 
©  o 
©  © 


©  o 
©  o 
©  o 


n-  r- 

sO  © 


m  -* 

-•  (SI 


©  o  o  © 

©  o  o  o 

©  ©  o  © 

o'  cT  o'  o: 

<o  co  ao  © 


rsi  fo 

o  <*? 

OJ  rj 


©  o 
o  o 
©  o 

CO  LO 
00  © 


OOP© 

©  o  ©  © 

fO  fO  <n  O' 
O'  O'  ©  O' 

(M  M  M  (Si 


o  o  o  © 
©  o  ©  © 
©  ©  ©  © 


so 

m 


o 

o 

o 

SO 

sO 


N 


© 

o 

m 


o  © 
©  o 
o  o 

*  s 

o  o 
©  o 

(SI  N 


© 

o 

© 

O'" 

sO 


© 

© 

o 


o  o 

ss 

no'  * 
in  n 


x ) 
u 

13 


i 


s 

X 


41 

c 

X 


g 

I. 

0 

3 


a 

41  - 

-5  « 

3  JS, 

3 


§“ 

H 


8- 

«  £ 

ri 


CO 


O  O 
©  O 
©  O 


3 


O  O 

©  o 
©  © 

cvT  rfT 

in  u> 


sO  x 


ss 

o  o 

S  S 

sQ  t* 
SO  NO 


000 

ooo 

000 

000 

o 

o 

o 

©  o 
o  © 

©  © 

o  © 

ss 

ooo© 

©  ©  ©  © 
©ooo 

© 

O 

O 

© 

o 

o 

ooo 

000 

li 

000 

500 

p*  »* 

t*  00 

s' 5 

PH  V 

VO 

•*  p* 

so  Os 

•*  PS 

n  m 

SPSS 

SO  N  Pi  O 

ao  O  h  oo 

IM  N  N  N 

* 

© 

stf 

PS  s 
p-4  O 

•s  *. 

N  PH 

pH  HJ 

X  N 

© 

»H  m i 
m*  mm 

(S|  (SJ 

N  fsl 

CO 

00 

O'  X 

pH  H 

in  K 

u 

*p 

d 

41 

M 

d 

X 

O 

o 

pH 

w 

»>H 

41 

M 

% 

41 

1(1 

0 

.3 

no 

4/ 

pH 

4J 

(23 

1 

0 

cn 

pH 

<8 

41  • 

SP 

M 

o 

pH 

W 

© 

o 

< 

M 

o 

HJ 

TABLE  5. 2.  (Co 


/ 


97 

CESIUM 

IRON- BASE  ALLOYS 

CESIUM 

IRON-BASE  ALLOYS 


Tr.hle  c- .  J-  rc.pr^r;."r,tn  a  jurr.r.-.ary  cf  c c:r.pr*t; 

bility  data  pertaining  to  several  iron-base  alloys 
in  cesium.  These  materials  apparently  do  not 


a  4*.—***  “7 

short  exposures  at  temperatures  up 


‘:rr*.  during 


to  1600  F. 


TABLE  5.  3.  CORROSION  OF  IRON-BASE  MATERIALS  IN  CESIUM 


Material 

Temperature , 
F 

Time , 
hour  s 

Results 

Remarks 

Reference 

Iron 

1600 

1000 

No  attack 

Cesium  vapor 

140 

17-4PH 

750 

500 

No  attack 

Cesium  vapor 

137 

7  50 

500 

No  attack 

Cesium  liquid 

AM-350 

750 

500 

No  attack 

Cesium  vapor 

137 

7  50 

500 

No  attack 

Ceeium  liquid 

Type  416  SS 

750 

500 

No  attack 

Ceeium  vapor 

137 

7  50 

500 

No  attack 

Cesium  liquid 

Type  304  SS 

1600 

1000 

No  attack 

Cesium  vapor 

140 

Type  310  SS 

1600 

720 

Slight  carbon 

138 

transfer  from 

atainless  steel 

to  ceeium 
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5.4  REFRACTORY  METALS 
(GENERAL) 

By  far  the  majority  of  the  published  in¬ 
formation  regarding  cesium  corrosion  relates  to 
refractory  metals,  which  are  generally  resistant 
to  attack  by  static  cesium  vapors  at  temperatures 
as  high  as  3000  7.(137,138,141)  However,  at 
3400  F,  tungsten- base  materials  do  undergo  sur¬ 
face  diasolution  and  intergranualr  attack.  ^41) 
Excessive  oxygen,  either  in  the  cesium  or  in  the 
refractory  metals,  is  known  to  aggravate  cor¬ 
rosion,  Unfortunately,  the  lack  of  proven  analyti¬ 
cal  techniques  for  oxygen  in  cesium  and  the 
scarcity  of  systematic  corrosion  data  make  it 
possible  to  state  precisely  what  constitutes 
"excessive"  oxygen. 

Ail  of  the  refractory  metals  exhibit  a  finite, 
although  limited,  solubility  in  liquid  cesium. 

Very  few  quantitative  solubility  results  are  cur¬ 
rently  available.  Measurements  made  by  MSA 
Re  search,  ( onCb-lZr  and  Mo-0.  5Ti  alloys  , 
are  summarized  in  Table  5,  4,  and  indicate  that 
neither  material  is  appreciably  soluble  in  cesium. 


Pratt  fc  Whitneyt**3)  conducted  a  number  of 
tests  in  which  various  refractory  metals  were  ex¬ 
posed  to  cesium  vapor  for  300  hours  at  1600  F, 
Chemical  analyses  were  performed,  efter  exposuree 
in  both  ceeium  vapor  and  vacuum,  to  determine 
what  effect  ceeium  might  have  on  the  carbon,  nitro¬ 
gen,  oxygen,  and  hydrogen  content*  of  the  alloye. 

The  test  results,  summarised  in  Table  5.  3,  indi¬ 
cate  that  expoeure  to  ceeium  caueed  no  eignificant 
changes  in  interstitial  content  of  the  material* 
etudied. 
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5,5  COLUMBIUM-BASE  ALLOYS 

To  date,  moat  of  the  corrosion  testing  of  re¬ 
fractory  metal*  in  ceeium  has  been  done  on 
columbium-base  alloys.  The  results^*88’  *41 > 143) 
of  simple  static  tests  in  cesium  vapor  are  summarized 
in  Table  5.6.  For  short  exposure  times,  columbtum 
and  columbium-base  alloys  do  not  experience  mea¬ 
surable  attack  up  to  temperatures  as  high  as  2800  F. 
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TABLE  5.  4.  "SOLUBILITY"  OF  METAL  SPECIES  IN  <1500  F  C  ESIUM<  H,i) 


Alloy 

Temperature,  F 

Equilibration  Time 

Sampling  Crucible 

Metal  Analysis , 
P£m. 

Mo-0,  5Ti 

<1500 

5  minute# 

Cb- IZr 

Mo  - 

10 

Ti  - 

<5 

Mo-0,  5Ti 

2500 

14  hour# 

Cb- IZr 

Mo  - 

25 

Tl  - 

100 

Mo-0,  5Ti 

2500 

110  hours 

Cb- IZr 

Mo  - 

10 

Ti  - 

150 

Cb-  IZr 

2500 

0,  5  hour* 

Mo-0.  5Ti 

Cb  - 

10 

Zr  - 

<10 

Cb-lZr 

2500 

20  hour* 

Mo-0.  5T1 

Cb  - 

20 

Zr  - 

>10 

Cb-lZr 

2500 

100  hoqra 

Mo-0.  5T1 

Cb  - 

30 

Zr  - 

10 

TABLE  5.  5. 

CHEMICAL  ANALYSIS  OF  REFRACTORY  METALS  TESTED  IN  CESIUM 

VAPOR  AFTER  300  HOURS  AT  1600  F<U3> 

Analyili,  ppm 

Preteat  Poatteat  in  Ceaium  Poatteat  in  Vacuum 

— Alloy - . . ,C _ 

— M _ Q . H  - S ...M _ 2. _ ti-  . .  S _ S  ■  0 _ H_ 

Cb 

120 

260 

820 

2 

150 

220 

550 

2 

65 

190 

830 

15 

Cb-lZr 

4b 

93 

370 

1 

88 

250 

370 

4 

160 

160 

490 

5 

D-43 

1000 

48 

360 

1400 

170 

4  30 

6 

970 

68 

440 

6 

PWC-33 

3600 

130 

170 

4 

3100 

110 

450 

6 

3100 

99 

175 

5 

Ta 

66 

190 

95 

6 

76 

91 

160 

1 

80 

115 

46 

3 

Ta-lOW 

44 

32 

50 

1 

43 

43 

70 

13 

100 

29 

44 

1 

Ta-8W-21« 

43 

29 

35 

1 

53 

30 

15 

1 

62 

53 

52 

3 

Mo 

2  30 

35 

55 

l 

260 

51 

43 

3 

220 

87 

97 

4 

Mo-0.  5T1 

ISO 

56 

50 

1 

210 

90 

59 

4 

190 

42 

51 

10 

99 
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CESIUM 

COLUMBIUM -BASE 

ALLOYS 

ALLOYS 

TABLE  5,  b,  CORROSION  OR  LULUMBlUM-BAor.  MjuiErviALS  i "'I  CESIUM  (Sa’ATTC  C ATCUI-IT 
TESTS) 


Material 

T emperature , 

F 

T ime , 
hours 

Results 

Remarks 

R  efe  rent*  t! 

Columbi  um 

1600 

300 

No  attack 

Cesium  vapor 

141 

1600 

720 

No  attack 

Cesium  vapor 

1  38 

2500 

300 

No  attack 

CeBium  vapor 

143 

Cb-iZr 

1600 

300 

No  attack 

Cesium  vapor 

14  3 

1600 

720 

No  attack 

Cesium  vapor 

1  38 

2500 

300 

No  attack 

Cesium  vapor 

14  3 

Cb-10W-lZr-0.  1C 

1600 

300 

No  attack 

Cesium  vapor 

143 

(D-43) 

2500 

300 

No  attack 

Cesium  vapor 

143 

Cb-3Zr-0.  3C 

1600 

300 

No  attack 

Cesium  vapor 

143 

(PWC-33) 

2500 

360 

No  attack 

CeBium  vapor 

143 

Cb-5Mo-5V-lZr 

2500 

100 

No  attack 

TZM  corrosion 

141 

(B-66) 

capsules 

1000 

Slight  surface 

TZM  corrosion 

dissolution 

capsules 

2800 

100 

No  attack 

TZM  corrosion 

capsules 

In  contrast  to  the  static  test  results  of 
Table  3.7,  workers  at  Rocketdynef^B)  found  sur¬ 
face  dissolution  of  columbium  under  refluxing 
cesium  at  1800  F  after  720  hours.  At  2500  F, 
the  dissolution  was  considerably  more  severe. 
Similar  results  were  obtained  with  the  Cb-lZr  al¬ 
loy,  though  here  the  1800  F  capsule  was  attacked 
worse  than  the  2500  F  capsule.  These  inconsistent 
results  are  attributable  to  contamination  of  the 
cesium  by  oxygen,  and  the  severe  attack  would  not 
be  expected  if  clean  cesium  were  employed. 

To  illustrate  this,  exposures  of  Cb-lZr  by 
MSA<142>  to  boiling  low-oxygen  cesium  for  868 
hours  at  2100  F  showed  no  significant  dissolution  of 
the  alloy.  Also,  no  deposited  crystallites  or  hard¬ 
ness  changes  were  noted,  Similar  results  were 
obtained  for  Cb-25Ta-  12 W-0.  5Zr  alloy  (FS-85) 
under  identical  conditions  after  818  hours  of  ex¬ 
posure. 

Studies^44)  of  mass  transfer  in  cesium 
were  conducted  between  (1)  Cb-  IZr  and  TD-nickel, 
(2)  Cb-lZr  and  Mo-0.  5T1,  and  (3)  Cb-  IZr  and 
Haynes  Alloy  No,  25.  In  500-hour  isothermal 
liquid  cesium  tests  on  Cb-lZr  coupled  with  TD- 
nickel  at  1B00  F,  a  considerable  amount  of  mass 
transfer  was  found.  Appreciable  quantities  of 
columbium  appeared  as  a  thin  coating  on  the  TD- 
nlckel,  The  columbium  concentration  in  this  thin 
layer  was  measured  at  approximately  24  weight 
percent.  Nickel,  on  the  other  hand,  was  shown 


to  be  leached  out  of  the  TO-nickel  and  diffused  into 
the  Cb-  IZr  tab  to  a  depth  of  about  8  microns.  The 
concentration  of  nickel  within  this  narrow  8-micron 
band  was  5  weight  percent, which  is  the  reported 
solid  solubility.  Similar  results  have  been  obtained 
after  100  hours  in  1800  F  cesium  for  a  Cb-lZr  and 
Haynes  Alloy  No.  25  couple.  Haynes  Alloy  No.  25 
was  attacked  intergranularly ,  and  the  microstructure 
of  the  Cb-lZr  tab  was  grossly  altered  owing  to 
absorption  of  the  metallic  components  of  the  Haynes 
Alloy  No.  25alloy. 

Cb-lZr  and  Mo-0.  5Ti  couples  were  exposed 
to  cesium  at  2500  F  for  periods  of  10,500  and  1000 
hours.  ^44)  Mass  transfer  of  columbium  and  zir¬ 
conium  to  the  Mo-0.  5Ti  was  suppressed  by  adding 
oxygen  to  the  system  in  the  form  of  Cs^O.  However, 
this  addition  did  not  inhibit  decarburization  of  the 
Mo-0.  5Ti  by  the  Cb-lZr. 
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5.6  MOLYBDENUM-BASE  ALLOYS 

The  results  of  corrosion  studies^ ^7 , 138 ,  141 , 143) 
Involving  molybdenum-hase  alloys,  Table  5.7,  indi¬ 
cate  that  unalloyed  molybdenum,  Mo-0.5Ti,  TZM, 
and  Mo-50Re  resist  attack  by  cesium  vapor  for 
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TABLE  5.7.  CORROSION  OF  MOLYBDENUM  AND  MOLYBDENUM  ALLOYS  IN 
CESIUM 


Material 

Temperature, 

F 

Time, 

hours 

Result* 

Remarks 

Reference 

Mo 

750 

500 

No  attack 

Cesium  vapor 

137 

1600 

300 

No  attack 

143 

1600 

720 

No  attack 

139 

2500 

300 

No  attack 

143 

Mo-0.  5Ti 

1600 

300 

No  attack 

143 

2500 

300 

No  attack 

143 

TZM 

2560 

100 

No  attack 

Cesium  vapor 

141 

1000 

No  attack 

Cesium  vapor 

141 

2800 

100 

No  attack 

Cesium  vapor 

141 

1000 

No  attack 

Cesium  vapor 

141 

3100 

too 

No  attack 

Cesium  vapor 

141 

1000 

No  attack 

Cesium  vapor 

141 

3400 

100 

No  attack 

Cesium  vapor 

141 

1000 

No  attack 

Cesium  vapor 

141 

Mo-50Re 

2500 

100 

No  attack 

Cesium  vapor 

141 

1000 

No  attack 

Cerium  vapor 

141 

2800 

100 

No  attack 

Cesium  vapor 

141 

1000 

No  attack 

Cesium  vapor 

141 

3100 

100 

No  attack 

Cesium  vapor 

141 

1000 

No  attack 

Cesium  vapor 

141 

3400 

100 

No  attack 

Cesium  vapor 

141 

1000 

No  attack 

Cesium  vapor 

141 
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periods  up  to  10C0  hour*  at  temperature*  up  to 
3401!  F. 

( 1 30) 

IITRI  observed  a  reduction  in  the  ducti¬ 
lity  of  molybdenum  rod  upon  exposure  to  cesium, 
illustrated  in  Figure  5.  2.  The  tests  were  per¬ 
formed  in  air  at  85  F,  molten  cesium  at  85  F, 
and  cesium  vapor  at  400  F.  The  observed  re¬ 
duction  in  yield  strength  iu  cesium  vapor  at  *00  F, 
relative  to  the  control  test  in  85  F,  is  probably 
due  to  the  difference  in  temperature  between  the 
two  experiments.  However,  the  elongation  in 
cesium  vapor  (17.  5  percent)  Is  similar  to  that 
occurring  in  cesium  liquid  (16.  0  percent),  rather 
than  in  air  (35.  1  percent).  This  suggests  that  the 
presence  of  cesium  vapor  reduces  the  ductility  of 
molybdenum. 

Rockutdyne*  *  ^  reports  that  molybdenum 
undergoes  general  dissolution  in  1800  F  refluxing- 
cesiurn  capsule  tests,  and  that  extremely  Bevere 
general  dissolution  occurs  at  2500  F  in  similar 
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FIGURE  5.2.  STRESS- STRAIN  BEHAVIOR  OF 

MOLYBDENUM  IN  CESIUM  VAPOR 
AND  LIQUID* 13?) 
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tests.  These  results  appear  to  be  due  to  oxygen 
contamination.  The  authors^*28)  postulate  a  dis¬ 
solution  mechanism  to  explain  this  inadequate 
behavior  in  the  following  manner.  Splashing  and 
geysering,  rather  than  condensing  vapor,  were 
the  main  methods  of  exposing  the  capsule  wallB 
to  liquid  cesium  in  the  refluxing  tests.  Cesium 
liquid,  saturated  with  molybdenum,  repeatedly 
Btruck  the  cooler  walls,  precipitating  out  molyb¬ 
denum.  Condensing  cesium  vapor  ,  running  down 
the  walls,  dissolved  some  of  the  molybdenum 
crystal  growth.  The  boiling  zone  in  a  2500  F 
refluxing  capsule  underwent  attack  and  dissolution 
greater  than  did  the  1800  F  condensing  region. 
Tests  conducted  at  2100  F  exhibited  similar  re¬ 
sults,  but  much  less  severe.  Approximately  the 
same  results  were  observed  at  MSA.  ^*2)  In 
all  probability,  the  mechanism  of  attack  postulated 
by  the  Rocketdyne  workers^228)  is  valid,  but  this 
would  not  be  expected  to  occur  if  pure  ceaium  had 
been  employed. 

Dissimilar-metal  tests  were  conducted  at 
MSA^2^  between  zirconium  and  Mo-0.  5Ti  alloy 
for  725  hours  at  2500  F.  The  hardness  of  the 
Mo-0.  5Ti  alloy  was  not  significantly  altered  by 
exposure  to  pure  cesium  liquid  and  vapor  at  2500 
F  with  zirconium  coupons  present.  Very  little 
corrosion  was  experienced,  and  no  mass  transfer 
of  metallic  sp  iea  was  detected. 
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A  TD  nickcl/(Mo-0.5Ti)  couple  in  1800  F 
cesium  exhibited  mass  transfer  in  both  direct¬ 
ions.  Nickel  transfer  to  the  molybdenum 

was  the  lesser  of  the  two  effects.  In  a  500-hour 
exposure  at  1800  F,  mass  transfer  of  molybdenum 
to  the  TD-nickel  capsule  through  liquid  cesium 
occurred  at  a  rate  of  1.  7  x  10~4  g/(cm^)(hour). 

Mass  transfer  of  metallic  constituents 
across  a  Haynes  25/(Mo-0.  5Ti)  couple  was  not. 
extensive.  (142)  After  100  hours  at  1800  F,  the 
molybdenum  showed  a  slight  increase  in  carbon 
(about  38  ppm)  and  an  accompanying  loss  of  about 
20  ppm  oxygen.  Motal  dissolution  was  small. 
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5.7  TANTALUM- BASE  ALLOYS 

Tantalum  alloys'228*  141*143)  are  satis¬ 
factory  for  short-time  exposures  in  cesium  up  to 
2500  F,  as  illustrated  in  Table  b.  8.  To  date, 
very  little  experimental  work  has  been  conducted, 
regarding  tantalum  compatibility  with  cesium,  The 
results  obtained  in  Rocketdyne’s  refluxing  capsule 
tests  at  1800  to  2500  F  with,  Oxygen- contaminated 


TABLE  5.  8.  CORROSION  OF  TANTALUM-BASE  MATERIALS  IN  CESIUM 


Material 

Temperature, 

F 

Time, 

hours 

Results 

Remarks 

Referenci 

Ta 

1600 

300 

No  attack 

143 

720 

No  attack 

138 

2500 

300 

No  attack 

143 

Ta-lOW 

1600 

300 

No  attack 

143 

2500 

300 

No  attack 

143 

Ta-lZW 

2500 

100 

No  attack 

TZM  corrosion  capsule 

141 

1000 

Surface  dissolution 

141 

2800 

100 

Carbide  precipitate 

Carbon  leached  from 

141 

TZM  capsules 

3100 

100 

Carbide  precipitate 

Carbon  leached  from 

141 

TZM  capsules 

Ta-8W-2Hf  (T-lll) 

1600 

300 

No  attack 

143 

2500 

100 

No  attack 

141 

300 

No  attack 

143 

1000 

No  attack 

141 

2800 

100 

Slight  surface 

141 

dissolution 
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TABLE  5.9.  CORROSION  OF  TUNGSTEN-BASE  MATERIALS  IN  CESIUM 


Temperature, 

Time, 

Material 

F 

hours 

Rcaulte 

Remarks 

Reference 

Tungsten 

750 

500 

No  attack 

137 

1600 

720 

Mo  attack 

138 

2500 

100 

No  attack 

141 

300 

No  attack 

143 

1000 

No  attack 

141 

2800 

100 

No  attack 

141 

1000 

No  attack 

141 

3100 

100 

No  attack 

141 

1000 

No  attack 

141 

3400 

100 

Slight  surface  dla- 

TZM  corrosion  capsules 

141 

solution 

1000 

Grain-boundary 

TZM  corrosion  capsules 

141 

penetration 

W-0. 90b 

2500  ' 

100 

No  attack 

TZM  corrosion  capsules 

141 

1000 

No  attack 

Ditto 

141 

2800 

100 

No  attack 

It 

141 

1000 

No  attack 

I! 

141 

3100 

100 

No  attack 

141 

1000 

Nb  attack 

II 

141 

3400 

100 

No  attack 

II 

141 

/ 

1000 

Surface  dissolution 

il 

141 

W-15Mo 

250C 

100 

No  attack 

TZM  corrosion  capsules 

141 

1000 

No  attack 

Ditto 

141 

2800 

100 

No  attack 

II 

141 

1000 

No  attack 

141 

3100 

100 

No  attack 

II 

141 

1000 

No  attack 

It 

141 

3400 

100 

No  attack 

II 

141 

1000 

Surface  attack  and 

II 

141 

grain  boundary 
dissolution 

W-3Re 

2500 

300 

No  attack 

143 

W-5Ro 

2500 

300 

No  attack 

143 

W-lORe 

2500 

100 

No  attack 

TZM  corrosion  capsules 

141 

1000 

No  attack 

Ditto 

Ml 

2800 

100 

No  attack 

H 

141 

iooo 

No  attack 

II 

Ml 

3100 

100 

No  attack 

II 

141 

1000 

No  attack 

II 

141 

3400 

100 

No  attack 

II 

141 

1000 

Grain-boundary 

II 

Ml 

attack  and  sur¬ 
face  dissolution 

W-25Re 

2500 

100 

No  attack 

TZM  corrosion  capsules 

Ml 

300 

No  attack 

Ditto 

143 

1000 

No  attack 

II 

Ml 

2800 

100 

No  attack 

II 

Ml 

1000 

No  attack 

It 

Ml 

3100 

100 

No  attack 

II 

141 

1000 

No  attack 

II 

Ml 

3400 

100 

No  attack 

II 

Ml 

1000 

Slight  surface 

II 

141 

dissolution  and 
grain-boundary 
penetration 

/ 
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cesium  indicate  that  surface  roughening  and  dia- 
s  olution  occur,  although  the  attack  aid  not  appear 
to  be  severe.  Refluxing  tests  on  Ta-»f)W  performed 
by  MSA^42)  indicate  that  mass  transfer  did  not 
occur  after  528  hours  at  2100  F.  It  should  be 
pointed  out  that  tantalum  is  a  very  powerful' carbon 
getter,  as  shown  at  Battelle.  U4*)  Therefore, 
systems  employing  tantalum  alloys  should  be  free 
of  carbon  contamination  to  avoid  embrittlement. 
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5.8  TUNGSTEN-BASE  ALLOYS 

All  of  the  work  to  dat*^^»  *4D  indicates 

that  tungsten  and  tungstens  base  alloys  (Table  5.  9) 
are  not  attacked  by  cesium  up  to  3100  F.  However, 
experiments  at  Battelle^4*)  suggest  that  all  of  the 
tungsten-base  materials  studied  were  subject  to 
surface  dissolution  and  frain- boundary  attack  after 
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1000  hours  in  3400  F  cesium  vapor.  Unfortunately, 
little  additional  information  is  currently  available 
regarding  tungsten  compatibility  at  elevated 
temperatures. 
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5.9  MISCELLANEOUS  MATERIALS 

The  corrosion  resistance  of  several  materials 
is  summarised  in  Table  5.  10.  Except  for  the 
rhenium  results,  these  data  are  too  sparse  to  lead 
to  any  significant  conclusions.  Recent  work  at 
Battellet^l)  suggests  that  rhenium  in  TZM  cap¬ 
sules  promote*  massive  maia  transfer  of  molyb¬ 
denum  from  the  TZM.  However,  there  was  no 
apparent  attack  of  rhenium  by  the  ceaium.  The 
mass  transfer  between  Haynes  Alloy  No.  25  and 
Cb-lEr’and  Mo-0.  5Ti  was  discussed  in  the 
refractory- metal  section. 


TABLE  5. 10.  CORROSION  OF  MISCELLANEOUS  MATERIALS  IN  CESIUM 


Temperature, 

Time, 

Material 

F 

hours 

Result* 

Remarks 

Reference 

Zirconium 

160-0 

720 

No  apparent  attack 

138 

Hafnium 

16  JO 

720 

No  dissolution  or  attack 

138 

noted 

T1-6A1-4V 

730 

500 

No  attack  noted 

137 

Vanadium 

1380 

500 

Became  embrittled  due  to 

140 

pickup  of  oxygen  and  ni¬ 
trogen  from  cesium 

Rhodium 

1380 

500 

No  attack 

140 

Palladium 

1380 

500 

No  attack 

140 

Rhenium 

1380 

500 

No  attack 

140 

2500 

100 

No  attack 

TZM.  capsules 

141 

1000 

No  attack 

Ditto 

141 

2800 

100 

No  attack 

II 

141 

1000 

No  attack 

It 

141 

3100 

100 

No  attack 

It 

141 

1000 

Mass  transfer  of  Mo 

It 

141 

3400 

100 

No  attack 

It 

141 

1000 

Mass  transfer  of  Mo 

It 

141 
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